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Figure 5 Response surface plots for solubilization as a function of: (a) Total solids and

lH2O2l0/[Fe2+]0; (b) Time and [H2O2l0/[Fe2+10; and (c) Time and total solids.
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Figure 5 Response surface plots for solubilization as a function of: (a) Total solids and

[HzOzlo/[Fe2*lo; (b) Time and [H2O2l6/[Fe2*]6; and (c) Time and total solids.
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Figure 6 Response surface plots for biodegradability as a function of: (a) Total solids
and [H2O2]0/[Fe2+]0; (b) Time and [H2O2l0/[Fe2+10; and (c) Time and total solids.
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Figure 6 Response surface plots for biodegradability as a function of: (a) Total solids

and [HzOz]o/[Fet*lo; (b) Time and [HzOzlo/[F"t*]o; and (c) Time and total solids.
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Figure 7 Variation of (a) viable cell and; (b) spore count during Bacillus
thuringiensis growth in raw, ultrasonicated and Fenton oxidized sludges.
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Résumé

Les propriétés rhéologiques de la boue non traitée et des boues traitées par

I'ultrasonification et I'oxydation Fenton ont été étudiées à I'aide d'un viscosimètre rotatoire

Brookefield DVII PRO + équipé d'un logiciel Rheocalc32. Les boues ont été traitées dans

des conditions optimales de I'ultrasonification et I'oxydation Fenton. Les boues non

traitées et traitées avaient un comportement non newtonien avec rhéofluidification ainsi

que des propriétés thixotropiques pour les concentrations en ST allant de I0 glL à 40 glL.

Les modèles rhéologiques, soit ceux de < Bingham plastic>, <<Casson law>, <NCA"/CMA

Casson )), ( IPC Paste > et << Power law >> ont également été étudiés pour caractériser

l'écoulement des boues. Parmi les modèles rhéologiques, le <<Power law> était le plus

important pour caractériser la rhéologie des boues. Les prétraitements ont entraîné une

diminution de la pseudoplasticité des boues en raison de la baisse de I'indice de consistance

K variant de 42,4 à 1188, de 25,6 à 620,4 et 52,5 à 317,9. Ils ont entraîné aussi une

augmentation de I'indice d'écoulement n changeant les comportements de 0,5 à 0,35, de

0,62 à 0,55 et de 0,63 à 0,58, respectivement pour boues non traitée et boues traitées par

I'ultrasonification et l'oxydation Fenton aux concentrations en solides totaux (ST) de

10 - 40 glL. Les corrélations entre I'amélioration de la biodégradabilité et de la

déshydratation, la diminution de la viscosité, et le changement de la taille des particules

des boues en fonction du prétraitement ont également été étudiées. L'oxydation Fenton a

facilité la filtrabilité des boues, résultant en une valeur du temps de succion capillaire de

50% pour les boues non traitées. Dans le cas de l'ultrasonification, l'énergie d'entrée

élevée a détérioré la filtrabilité. La biodégradabilité a également été améliorée par les

processus de prétraitement, et la valeur maximale a été obtenue de 64yo, 77yo et 73oÂ,

respectivement pour les boues non traitées et traitées par l'ultrasonification et l'oxydation

Fenton à une concentration en ST de 25 g/L. Ainsi, le prétraitement a modifié des

propriétés rhéologiques des boues d'épuration afin que: 1) l'écoulement des boues a été

amélioré pour le transport à travers la chaîne de traitement (par des tuyaux et des pompes);

2) La déshydratation des boues d'épuration a été améliorée pour l'élimination ultime et;

3) I'assimilation des nutriments par les microorganismes pour la production des produits à

valeur ajoutée des boues a été augmentée.

Mots clés: Biodégradabilité, boue d'épuration, filterabilité, oxidation Fenton, rhéologie,

taille de particule, rheology, ultrasonification.
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Abstract

The effect of ultrasonification and Fenton oxidation as physico-chemical pre-treatment

processes on the change of rheology of wastewater sludge was investigated in this study.

Pre-treated and raw sludges displayed non-Newtonian rheological behaviour with shear

thinning as well as thixotropic properties for total solids ranging from 10 to 40 g/L. The

rheological models, namely, Bingham plastic, Casson law, NCA/CMA Casson, IPC Paste,

and Power law were also studied to characterize flow of raw and pre-treated sludges.

Among all rheological models, the Power law was more prominent in describing the

rheology of the sludges. Pre-treatment processes resulted in a decrease in pseudoplasticity

of sludge due to the decrease in consistency index K varying from 42.4 to 1188, 25.6 to

620.4 and 52.5 to 317.9; and increase in flow behaviour index r changing from 0.5 to 0.35,

0.62 to 0.55 and 0.63 to 0.58, for RS, UIS and FS, respectively, at solids concentration

10 - 40 g/L. The correlation between improvement of biodegradability and dewaterability,

decrease in viscosity, and change in particle size as a function of sludge pre-treatment

process was also investigated. Fenton oxidation facilitated sludge filterability resulting in

capillary suction time values which were approximately 50oÂ of the raw sludges, whereas

ultrasonification with high input energy deteriorated the filterability. Biodegradability was

also enhanced by the pre-treatment processes, and the maximum value was obtained

(64,77 and73oÂ for raw, ultrasonicated and Fenton oxidized sludges, respectively) at total

solids concentration of 25 g/L. Hence, pre-treatment of wastewater sludge modified the

rheological properties so that: 1) the flowability of sludge was improved for transport

through the treatment train (via pipes and pumps); 2) the dewaterability of wastewater

sludge was enhanced for eventual disposal and; 2) the assimilation of nutrients by

microorganisms for fuither value addition was increased.

Keywords: Biodegradability, Fenton oxidation, filterability, particle size, rheology,

wastewater sludge, ultrasonifi cation.
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1. Introduction

The rheology describes the deformation of a flow under the influence of mechanical stress

and is a useful tool for the characterization of wastewater sludge (WWS) to control sludge

treatment processes, such as dewatering, stabilization and advanced processes, such as

value addition [1,2]. In fact, torque rheology was demonstrated to be an appropriate tool to

measure sludge flocs' strength in mixing conditions, and to adjust polymer dose and type

to control suspension strength for optimizing sludge dewatering [3]. In stabilization

(aerobic and anaerobic digestion) and reutilization processes, the rheograms denote

principally two correlations: 1) shear stress as a function of shear rate and; 2) viscosity as a

function of shear rate and time, describe the properties of sludge flow. These processes are

important input design parameters in transportation, storage, operation of bioreactor and

pumping [4,5]. Viscosity, the basic rheological parameter has been demonstrated to play an

important role in the increase of biodegradability of sludge, strongly influencing mass

transfer in aerobic degradation during digestion and fermentation [6].

Pre-treatment processes, namely mechanical disintegration, thermal and thermo-chemical

hydrolysis, advanced oxidation processes have been applied in various sludge treatment

processes, such as dewatering, digestion, and reutilization to improve treatment efficiency

[7,8] Most of these processes improved sludge dewaterability characteristics by

disrupting extracellular polymeric substances (EPS), which is one of the main components

of sludge having a strong affinity for water [9, 10]. On the other hand, the pre-treatment

processes break up sludge flocs, destroying cell walls and membranes, resulting in release

of intracellular organics to the liquid phase and change in sludge composition. This

enhances the overall solubilization and biodegradability for stabilization and reutilization

processes lll, l2).
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oH'+ Fe2- -+ OH- + Fe3+ (chain termination)

Our previous studies have demonstrated the effect of ultrasonification and Fenton

oxidation on improvement of the biodegradability of WWS in aerobic digestion and

fermentation for value added products [12]. During Fenton oxidation, the ferrous iron

(F"'*) initiates and catalyzes the decomposition of HzOz, resulting in the generation of

hydroxyl radicals, a very powerful and non-selective oxidizing agent [13]. The generation

of the radicals involves a complex reaction sequence in an aqueous solution.

Fe2* + Hzoz -+ Fe3* + OH' + oH- (chain initiation) ( l )

(2)

Further, the hydroxyl radicals can oxidize organics (RH) bV abstraction of proton-

producing organic radicals (R'), which are highly reactive and can be oxidized fuither.

RH + OH'-+ HzO * R' (chain propagation) (3)

The hydroxyl radicals pass easily through the microbial cell membrane in the sludge,

leading to oxidative decomposition of the cell wall. Consequently, organic substances are

discharged from the microbial cell into the liquid phase. Moreover, the hydroxyl radicals

oxidize the recalcitrant compounds in sludge into biodegradable ones which are further

subject to biological treatment [14]. Supposedly, the rheological characteristics of WWS

would change during the pretreatment processes. Hence, it will be essential to study the

modification of WWS rheology as it will provide a better understanding of the impact of

pre-treatment processes on sludge treatment.
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The effect of thermal - alkaline pretreatment on rheology of WWS has been investigated

12, 61. However, none of the studies mentioned the rheology change of WWS during

ultrasonification and Fenton oxidation as physical - chemical pre-treatment processes

considering the enhancement of value addition. The aim of the present work was to study

the influence of pre-treatment processes including ultrasonification and Fenton oxidation

on the rheological profile of wastewater sludge. The correlation between improvement of

biodegradability and dewaterability, decrease in viscosity, and change in particle size as a

function of sludge pre-treatment process was also investigated. The study is based on the

hypothesis that pre-treatment of wastewater sludge will modif' the rheological properties

of wastewater sludge to enhance the dewaterability for eventual disposal as well as

assimilation of nutrients by microorganisms during value-addition.
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2. Materials and methods

2.1. Sludge

Secondary sludge used in the study was obtained from CUQ (Communauté urbaine de

Québec, Canada) aerobic wastewater treatment facility. The sludge total solids (TS) was

concentrated from 1.5% (wlv) to higher TS concentrations by gravity settling for 24 hours.

The supematant was discarded; the particulates were diluted with demineralized water to

obtain five concentrations (10,20,25,30 and 40 TS g/L) and was homogenized in a

WaringrM blender for 30 s. Maximum storage period of sludge was 1 week at 4+1oC to

minimize microbial desradation. The raw sludse will be henceforth referred to as RS

sludge.

2. 2. Ultrasonification pre-treatment

The ultrasonification was carried out using ultrasonic homogenizer Autotune 750W (Cole-

Parmer Instruments, Vemon Hills, IL, US). The ultrasonification equipment was operated

at a frequency of 20 kHz, using a platinum probe with a tip diameter of 25 mm. Four

hundred mL of wastewater sludge sample at ambient temperature (25 + 1"C) was placed in

a I L beaker. The ultrasonic probe was dipped into sludge so that it was immersed at least

2 cm into the sludge. The operation conditions were 0.75Wlcm2 ultrasonification intensity,

60 min ultrasonification time and 10 - 40 g/L solids concentration range. The

ultrasonicated sludge will be henceforth referred to as UIS sludge.

2. 3. Fenton oxidation pre-treatment

Three hundred mL of each wastewater sludge sample at different solids concentrations was

acidified to pH 3 by using 10 N H2SOa and placed in a 500 mL flask. To initiate Fenton

oxidation reaction, HzOz solution and FeSO+ solution were added to the sludge samples

according to the following operating conditions: 0.01 mL H2O2lg SS; [HzOz]o/[Fe2*10:
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150. The Fenton oxidation was carried out at ambient temperature for I hour using a

shaker at 150 rpm. The Fenton oxidized sludge will be henceforth referred to as FS sludge.

2.4. Rheologt study

Rheological behaviour of raw and pre-treated sludges was studied by using a rotational

viscometer, Brookefield DVII PRO+ (Brookfield Engineering Laboratories, Inc.,

Stoughton, MA, USA) equipped with Rheo calc32 software. Two different spindles,

namely, SC-34 (small sample adaptor), and ultralow centipoise adapter were used with a

sample cup volume of 18 mL/50 mL (spindle dependent). The gaps between spindle and

respective sample chamber were 1.235 and 4.830 mm, respectively, for ultralow (viscosity

range, 1.0-30 mPa s), and small sample (viscosity range, > 30mPa s) adapter spindle to

accommodate sludge flocs. The calibration and viscosity testing procedure for each spindle

was carried out as per instrument manual. The viscosity data acquisition and analysis was

carried out using Rheocalc V2.6 software, (B.E.A.V.I.S. - Brookfield Engineering

Advanced Viscometer Instruction Set). Different rheological models were

using the viscosity input information as follows:

Bingham Plastic r : ro+ ppy

considering

(4)

(s)Casson Law J7 =",1"r+"fpry

NCA/CMA Casson (l+ a)Ji =2,[i+(I+ a),t-r1y

IPCPaste e=KR'

PowerLaw r -ky '

Time-dependent profile was studied at low shear rate (3.67 s-') and viscosity of sludge

sample at different TS concentrations was measured at 36.69 s-t. The shear rate behaviour

was determined from 0.08 to 46.2 s-t. All measurements were done at 25+l oC and

viscosity was referred to as "apparent viscosit5r".

(6)

(7)

(8)
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2.5. Particle size analysis

Particle size analysis was carried out by using Fritsch Laser particle sizer analysette 22,

which is based on LASER diffraction principles. During the entire analysis, ultrasonic

function was not used in order to retain the native state of sludge flocs. The stirrer and

recirculation pump speed were also kept moderate at 250 and 500 rpm, respectively to

minimize damage of sludge particles.

For analysis, each sample was diluted approximately 400-fold in tap water and analyzed in

triplicate. This method is based on the principles of Fraunhoffer diffraction and Mie

scattering. The results were then averaged to produce the particle size distribution, and the

readings were recorded as particle volume percent in 51 discrete particle ranges between

0.1 to 1000 pm. Floc disruption at D5s analogous to the particle size expressed as diameter

50%o size distribution cut-off points was chosen as average particle size as it showed the

volume median diameter. Standard deviation of particle size measurement wasToÂ.

2. 6. Dewaterability test

Sludge filterability parameter was measured as the capillary suction time (CST) using

Triton Electronics CST equipment (model 304M). Sludges were well mixed and poured

into 1.8 cm-diameter stainless steel cylindrical reservoir. CST measured in seconds

corresponds to the time it takes for the filtrate in a filter paper to travel from an inner circle

to an outer circle of perspex plate equipped with electrode block in which electrodes

contact the filter paper. All measurements were carried out at 25 +1"C. The CST results

were reported as an average of duplicate measurements. Standard deviation of filterability

measurementwas 6 oÂ.

2.7. Biodegradability test

The biodegradability was determined by inoculating the pre-treated and raw sludges with

microbial consortia of 2Yo (v/v) of fresh activated wastewater sludge (1.5 mL) at solids

1 5 1



concentratioî of 25 g/L followed by incubation at 25+1'C and 150 rpm on arotary shaker

for 20 days. The biodegradability was assessed by the decrease in TS consumed by the

microorganisms after 20 days of incubation (Eq. 9). At the end of incubation, the volume

loss due to evaporation was readjusted to 75 ltL with Milli-Q water.

BiodesradatitiU=(t-
after biodegradation 

lxl00% (9)
before biodegradation )

solids concentralion

solids concentralion

2.8. General analysis

Total solids (TS), suspended solids (SS) and chemical oxygen demand (COD) were

determined per Standard Methods [5]. Chemical oxygen demand was measured in total

sludge as total COD (TCOD) and in supernatant as soluble COD (SCOD) by centrifuging

at 7650 x g for 15 min at 4"C, followed by filtration of the sludge supernatant.

Solubilization was determined bv calculatine the ratio of SCOD to TCOD.
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3. Results and discussion

3. l. Shear-thinning behaviour

Fig. 1 presents the rheograms and apparent viscosity evolution as a function of the shear

rate of raw and pre-treated sludges at different solids concentrations (10 to 40 g/L). The

relationship between shear stress and shear rate was non-linear, showing non-Newtonian

behaviour for all three sludges, except the Fenton oxidized sludges at l0 and 20 glL in

which non-Newtonian behaviour was less pronounced. The shear stress of the pre-treated

sludges was lower than the raw sludge at all solids concentration, and UIS and FS at solids

concentrations from 25 to 40 g/L followed equivalent decreases in shear stress.

The apparent viscosity of all three sludges decreased with increasing shear rate, showing

the shear-thinning behaviour of the sludges, and the decrease was higher for pre-treatment

processes. For RS and UIS at solids concentration of 10 glL, the apparent viscosity

decreased rapidly. At20 to 40 glL total solids, ultrasonification showed little impact on the

diminution of pseudoplastic behaviour when compared to Fenton oxidation. However, the

profile of viscosity vs. shear rate curves did not change for either raw or pre-treated

sludges.

The pre-treatment processes will typically influence the rheological behaviour by

modifzing overall sludge properties, including structure, strength and size of sludge flocs

and sludge composition. Taking into account the sludge floc, EPS produced during

metabolism and autolysis of sludge biomass are mainly responsible for the structural and

functional integrity of flocs and thus the physicochemical and biological properties of flocs

are determined by means of EPS components ll6l.

The effect of ultrasonification on rheological behaviour is mainly attributed to

hydromechanical shear forces which can disintegrate sludge aggregates and disrupt cells,

thus breaking the microbial slurry where the particles constantly interact with each other to
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influence a decrease in viscosity [12]. Specifically, the EPS components can glue together

to create a three-dimensional matrix due to certain vital forces, such as van der Waals

forces, hydrophobic interactions and polymer bridging by various cations due to

electrostatic binding with bivalent cations [9]. During ultrasonification process, high

energy input (4 000 - 10 000 kJ/kg TS) supplied will cleave the interactions and the

binding resulting in floc structure break-up and thus reducing floc strength. Also, the

increase in the temperature of bulk liquid (from 22 to 60"C) during ultrasonification can

also facilitate the changes in floc stabilif, as network strength between particles is

weakened due to aggressive motion of particles at high temperature [4].

Being a chemical process, Fenton oxidation effects on the decrease in viscosity as a

function of operating conditions, i.e., acidification (pH 3) and oxidation by free hydroxyl

radicals, will lead to changes in inter-particle interactions between sludge flocs and their

components. It can be assumed that the decrease in pH will result in a decrease in

electrostatic repulsions between flocs. Consequently, the exposed cross-sectional area of

solids was lower; therefore the resistance to flow was reduced leading to lower viscosity

[17]. Also, pH extremes (acidity) will also hydrolyze EPS component resulting in

instability of extracellular polymers. Moreover, the Fenton reaction involving oxidative

decomposition is an oxidative-reductive depolymerization which causes cleavage of

linkages in the polymeric backbone of the extracellular polymers [9]. On the other hand, a

variety of organic macromolecules in the EPS matrix can have different potential for

binding together the floc matrix and sustain good floc strength. Changes in the composition

or a removal of some specific compounds, therefore, may lead to changes in the floc

strength. As a result, the degradation of EPS and interaction cleavage due to free hydroxyl

radicals and acid hydrolysis during Fenton reaction will induce a decrease in strength of

sludge flocs resulting in decrease in apparent viscosity and shear-thinning behaviour.
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3.2. Effect of time and TS concentration

Fig. 2 shows the evolution of viscosity as a function of time and solids concentration. At

constant shear rate (3.67 st; orner 102 min, the apparent viscosity decreased from279.94

to 169.96:'159.9 to 100; and 121.8 to 79.9 nPa s, respectively, for raw, ultrasonicated, and

Fenton oxidized sludges. Notably, the apparent viscosity of UIS reaches a constant value

(in the first 30 min) faster than the RS (later 50 min). The apparent viscosity of FS did not

decrease continuously from beginning to the end of the measurement period. It increased

around 720 nPa s at the end of the first hour of measurement. The temporary increase

could be due to the fact that the suspension of FS was more flocculated as ferric hydroxide

was produced during Fenton reaction [13]. The formation of ferric hydroxide influenced

the flow of FS under shearing. On the hole, the raw and pre-treated sludges depicted

thixotropic behaviour in nature.

The curves presenting the relation between viscosity and TS concentration of raw and pre-

treated sludges fitted well into the exponential equations (Visps:1.136e12008rs' n2:0.95;

Visuls:1.1995e10e63rs' n2:0.93; Vises:1.04i3e0e817rS' R2:0.94) as shown in Fig. 3. There

was not much change in the apparent viscosity at 10 to 20 glL of TS, and the critical

decline of viscosity was observed from 25 glL of TS. At high solids content, structural

units of the suspension are typically suggested to be larger in size and knitted close to each

other. As particle concentration increases, a network of particles is formed with the number

of interactions increasing rapidly with the volume concentration of particles and thus

leading to increase in resistance to flow of sludge materials [5, 18]. Therefore, as solids

content increases, so does the viscosity at constant shear rate. As shown in Fig. 3, the

apparent viscosity ranged from 2.89-359.7,2.5I-199.2 and 2.68 - 108.3 mPa s,

respectively, for raw, ultrasonicated and Fenton oxidized sludges at 10-40 g/L solids
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concentration. The effect of pre-treatment processes on the decline of viscosity has been

explained earlier.

3. 3. Rheological models

Table I demonstrates various rheological models with varying degree of confidence of fit

for raw and pre-treated sludges at different TS concentrations. In the lower shear rate

region (0.08 - 46 s-1), Bingham, Casson and NCA/CMA Casson (modified Casson) fit very

well for RS, UIS and FS at lG- 20 glL and UIS and FS at 25 glL of TS as shown by high

values of confidence of fit (72.1 to 97 .2%). The yield stress for the models increased with

increasing TS and decreased during the pre-treatment processes. The plastic viscosity

followed the same trend as the yield stress with TS increase and pre-treatment. However,

the viscoplastic behaviour of RS at 25 glL and RS, UIS and FS at 30 - 40 glL was not

pronounced in the low shear rate region (confidence offits are not over 70oÂ).

Meanwhile, Power and IPC Paste (extension of Power) models can characterize fluidity of

all sludges throughout range of TS from l0 to 40 glL (based on high values of confidence

of fits). Power model with the fluid parameters, K (consistency index) and n (flow

behaviour index) at all TS concentrations for RS, UIS and FS is shown in Fig. 4. It was

observed that at 10 to 20 glL of solids, the sludge was highly fluid with K values below

100 mPas. The cut-off point for fluidity was at 25 glL which was consistent with the

decrease in viscosity for increase in solids concentration. The trend in high cohesiveness of

fluid with high solids concentration was attributed to an increase in the energy of cohesion

of the 3D network of the sludge due to increase in solids content and thus leading to high

degree of interparticle interaction increase [19]. In addition, due to higher solids content,

more EPS at the surface of sludge flocs reinforce floc strength and thus lowered sludge

fluidity [20]. Meanwhile, the flow behaviour index, n (lower than I indicating deviation

from Newtonian behaviour) of the sludges decreased with increasing TS showing
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reduction in shear-thinning behaviour. The variations in the two rheological parameters

indicate stronger non-Newtonian behaviour with increasing solids concentration.

Conversely, pre-treatment affected sludge by decreasing pseudoplasticity. The consistency

index, K varied from 42.4 to 1 188, 25.6 to 620.4 and 52.5 to 317 .9; and the corresponding

shear-thinning behaviour index, n changed from 0.5 to 0.35, 0.62 to 0.55 and 0.63 to 0.58,

respectively, for RS, UIS and FS at solids concentration l0 - 40 glL. The disintegratation

of sludge flocs, degradation of EPS and interaction cleavage due to high energy input in

ultrasonification and hydroxyl radicals and acid hydrolysis during Fenton reaction are the

main reason for the decrease in cohesiveness of sludge fluid (rK values for UIS and FS were

lower than ones for RS) and for the increase in flowability (r values for UIS and FS were

higher than ones for RS). The power law was obeyed by raw and pre-treated sludges at

10 - 40 g/L TS and the variations in the two model parameters will aid in designing heat

and mass transfer factors for next fermentation for value addition.

3.4. Change in parTicle size distribution

Fig. 5 presents the volume particle size distribution of raw, ultrasonicated and Fenton

oxidized sludges at TS concentration from 10 to 40 glL. Overall, the volume occupied by

small particles decreased with increasing TS concentration, and vice versa fot volume

occupied by large particles. The profile was attributed to increase in solids content caused

by changes in particle interactions l2l, 221. In a sludge particle size network, as the

number of particles increases, the distance is lower between them, which fuither increases

the attractive interactions between them. For raw sludge, frequency particle size

distribution vs. particle size plots showed the same profile at different TS concentrations,

and higher particle size concentrations were in the range of l0 - 100 pm. Meanwhile, there

were some shifts in the range of higher particle size of ultrasonicated and Fenton oxidized

sludges in relation to TS concentrations. At TS concentration of l0 - 20 glL, the peaks
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centred in the range of I - 10 pm and 10 - 100 pm for UIS and FS, respectively.

At25 - 40 glL of TS, the particle size ranges were l0 - 100 pm and 100 - 1000 pm. It was

also observed that among RS, UIS and FS, volume percentage of small particle sizes

(below 10 pm) was the highest (0.54 - 0.38 %) for UIS at TS concentration I0 - 40 glL,

whereas volume occupied by large particles (above 250 pm) was the most pronounced for

FS (0.89 - 5.62 %) at TS concentration 10 - 40 glL. Briefly, ultrasonification resulted in

greater decrease in particle size, while, on the contrary, Fenton oxidation increased the

particle size. Table 2 presents cut-off diameter dso of RS, UIS and FS at different solids

concentrations obtained from cumulative particle size distribution as shown in Fig. 5. The

median particle size decreased strongly for UlS, and the increase was significant for FS as

compared to RS. It is to be noted that ultrasonification supplied energy referred to as

specific supplied energy (E) was calculated using Equation, E : Pt/vTS where,

P: ultrasonic power (W) calculated from ultrasonification intensity, t: ultrasonification

time (s), v: sample volume (L) and TS concentration (g/L). In this study, specific energy

applied in ultrasonification ranges from 4 000 to l0 000 kJ/kg TS was high enough to

break flocs as well as cells of sludge and thus reduce floc size [8, 23]. The significant

decrease in particle size for UIS associated with the decline in apparent viscosity showed

that ultrasonification broke structure and weakened strength of flocs. Meanwhile, the

increase in particle size in the sludge after Fenton oxidation was due to a decrease in

pH (pH 3). According to Neyens et al. [9], particle size can be modified by the presence of

acids, i.e. supracolloidal particles (l - 100 pm range) decrease with acidic pH. Since

repulsive electrostatic interactions created from the surface charge of sludge particles are

minimized at pH in the range of 2.6 - 3.6,leading to proximity of small particles. On the

other hand, Fenton oxidation is a complex chain of reactions in which the ferrous ions

generated react with hydroxide ions to form ferric hydroxide and ferric hydroxo
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complexes. These compounds possess high capacity of coagulation and flocculation [13].

Therefore, it is suggested that Fenton oxidation caused sludge small particles to flocculate

to form larger particles.

Based on the results ofdecrease in apparent viscosity (discussed in Section 1) and increase

in particle size of sludge after pre-treatment by Fenton oxidation, it is to be noted that

although the ability of aggregation of sludge particles was enhanced, the floc strength was

weakened. This fact was explained by taking into account the compactness degree of

sludge flocs defined by the fractal dimension index Dr. According to Mu and Yu [4], Dr

can be estimated from the slope of log10 plot of limiting viscosity (q-) versus TS

concentration(ry* =TSlt3-Dt ';. In this study, estimated Drof RS, UIS and FS was reported

to be 1.6, 1.5 and 1.3, respectively, showing flocs of raw sludge as the most compact,

followed by ultrasonicated and Fenton oxidized sludges. Fenton oxidation modified the

floc structure resulting in increased volume, but weakened the bonds. Thus, when a shear

was applied, flocs can be broken up increasing flowability of the media.

3.5. Effect of pre-treatment on dewaterability

The CST measurement was carried out to assess sludge filterability, one of the main

factors to evaluate sludge dewaterability. Fig. 6 presents CST values of RS, UlS, and FS at

TS concentration l0 - 40 glL. Ultrasonification, in actuality, has no effect on

improvement of filterability, i.e. CST values of both RS and UIS are the same, and in fact

CST of UIS was higher than RS at TS 40 g/L. Meanwhile, Fenton oxidation enhanced

dewaterability. Notably, at all TS concentrations, Fenton sludges required approximately

less than half the time to pass through the filter paper compared to raw and ultrasonicated

sludge. When compared with the particle size previously mentioned, ultrasonicated sludge

particle size decreased and was in the range of 1 - 100 pm termed as supracolloidal

particles. The presence of these particles will deteriorate sludge filterability as it can cause
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clogging of the flter l7,24l.In addition, small particles increase the surface area of flocs

leading to increase in frictional resistance to withdrawal of bound water [8, 25]. Moreover,

Feng et al. 126l demonstrated that ultrasonification with high supplied energy

(> 5 000 kJ/kg TS) also damaged the sludge settleability, a principal factor controlling

dewaterability. Therefore, it was planned to apply ultrasound with low specific energy

(< 1000 kykg TS) as a pre-treatment for improvement of sludge dewaterability 126,271.

However, for Fenton oxidized sludges, particle size increased due to certain reasons, i.e.,

acidic pH and generation of ferric hydroxide and ferric hydroxo complexes (discussed

earlier), and thus Fenton oxidation facilitated sludge filterabilty. Considering the reduction

in percentage of CST values of Fenton oxidized sludges (calculated by Eq 1 - CST of

FS/CST of RS) at TS concentration of 10 - 40oÂ, dewaterability was shown to decrease

with increase in solids concentration (62 - 38Yo for TS 10 - 40 ùL). More importantly, all

sludges at TS 10 - 40 glL were subjected to Fenton oxidation at the same operating

conditions, i.e., same concentrations of HzOz and Fe2* and the aggregation of sludge

particles was due to the adjusting Fe2* ions. Thus, higher solids content meant more

particles which might result in decrease in the values of dewaterability. Hence, particle size

played an important role in controlling sludge dewaterabiltiy when using pre-treatment

processes.

3.6. Effect of pre-treatment on solubilization and biodegradability

Solubilization (determined as ratio of SCOD to TCOD) decreased with increase in solids

content, and was increased for pre-treatment processes as shown in Fig 7. Obviously,

organic matter contained in EPS, a matrix embedding cell sludge, and cells was solubilized

under powerful hydro-mechanical shear forces generated during ultrasonification. On the

other hand, solubilization was increased during Fenton oxidation due to components of

EPS and cells which were acid hydrolyzed as well as partially oxidized by hydroxyl
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radicals. The pre-treatment also affected the biodegradability (determined as solids

reduction after 20 d aerobic degradation), and the effect by ultrasonification was observed

to be more pronounced compared to Fenton oxidation. Interestingly, highest percent TS

reduction of raw and pre-treated sludges obtained at TS concentration of 25 glL were 64,

77 and 73oÂ for RS, UIS and FS, respectively. Therefore, 25 glL was supposed to be the

optimal solids concentration for aerobic degradation test nsing 20Â w/v inoculum of the

microbial consortia (described in the Materials and Methods section). Augmentation of

nutrient availability (increase in solubilization) and amelioration of mass and oxygen

transfer (decrease in viscosity as well as decrease in particle size) after the pre-treatment

processes are the main reasons for the enhancement of biodegradability. In fact, production

of different value added products, such as Bacillus thuringiensis, Trichoderma viride based

biopesticides, Rhizobium based biofertilizers and enzymes using WWS as raw material

have demonstrated 25 glL as the optimal solids concentration in our laboratory [2,6].
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4. Conclusions

The study on the modification of rheology of wastewater sludge during pre-treatment

processes led to following conclusions:

1. Fenton oxidation and ultrasonification caused a decrease in apparent viscosity and

shear-thinning behaviour of the sludge.

2. Raw, ultrasonicated and Fenton oxidized sludges depicted thixotropic behaviour and

exponential correlation with solids concentration.

3. The Power law described flow characteristics of raw and pre-treated sludge in the

whole range of solids concentration 10 - 40 g/L. The variation of power model

constants, i.e., decrease in consistency index, K and increase in corresponding shear-

thinning behaviour index, n signified the effect of pre-treatment processes on

reduction in pseudoplasticity of sludge.

4. Particle size decreased for ultrasonicated sludge due to hydromechanical shear forces,

and increased for Fenton oxidized sludge caused by reaggregation ofsludge particles.

5. Fenton oxidation enhanced dewaterability due to increase in aggregation of sludge floc

as large particle size increased after the oxidation.

6. Both Fenton oxidation and ultrasonifrcation improved biodegradability of sludge as

the pre-treatment processes caused decline in viscosity and increase in solubilization,

thus leading to enhanced mass and oxygen transfer during biodegradation.
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Appendix

Scientffic Notations
T

T g

shear stress (mPa)
yield stress (shear stress at 0 rpm of spindle, mPa)
shear rate (s-r)
consistency index (mPa.s')
flow behaviour index (dimensionless)
plastic viscosity (mPa.s)
rotational speed (rpm)

r
K
N

ItP
R
Abbreviations
CST
ECP
FS
RS
SCOD
TCOD
UIS
wws

capillary suction time (s)
extracellular polymers
fenton oxidized sludge
raw sludge
soluble chemical oxygen demand (mg/l)
total chemical oxygen demand (mg/l)
ultrasonicated sludge
wastewater sludee
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Table 1 Rheological models of raw, ultrasonicated and Fenton oxidized sludges

Shaded regions indicate lower confidence of fits where the rheological models were not obeyed.

Solids concentration, glL t 0 20 25 J I ' 40
RS UIS FS RS UlS FS RS UIS FS RS UIS FS RS UIS FS

Bingham
Law

Plastic viscosity
(n.  10-3 ks mr s-r ' )

3.05 z . zo 2.03 t2.8 5.63 7 .51 34.7 7.25 to.2 34.9 37.4 24.2 68.9 68.9 36.5

Yield stress
(ro,  10'  kg m- '  s

0.96 0.29 0 .31 1.74 t . l 6 2 .51 7.96 5.45 4.46 7.57 7.96 4.46 t7.0 17.0 9.72

Confidence offit (%) 89.0 92.1 9r.9 91.9 82.6 '72.1 95.5 96.4 38.7 . sa i s.9 :
Casson
Law

Plastic viscosity
(n.10-3 ke m-r  s-r)

r .96 | . 57 1.26 5.89 3.63 4 . t4 2'7.1 2.01 3.87 26.4 27 .1 r7 .3 44.4 44.4 2 1 . 2

Yield stress
(rn. 1o'r ks m-r s-2)

0.41 0 . l 3 0 .18 1.08 0.48 1.22 2.61 3.99 2 .81 2.85 2.6r 1 . 5 6.88 6.68 4.4

Confidence offit (%) 97.2 92.1 87.9 94.7 94.4 79.7 t6.8 96.2 97.2 68.8 56.â <.7 .r : - ) t - t  :

NCA/CM
A Casson

Plastic viscosity
(n.10-r  ks mr s '1)

r .96 t . 57 1.26 5.89 3.63 4 .14 27 .1 2 .01 3 .87 26.4 27.1 t7.3 44.4 44.4 21.2

Yield stress
(16,  10-r  kg mr st)

0.37 0 . 1 2 0 .17 0.99 0.44 0.69 1.47 2.2s t . 59 2.85 1.47 0.85 3 .88 3 .88 4.4

Confidence offit (%) 97.2 92 .1 87.9 94.7 94.4 79.7 56iE':::; 96.2 97.2 68.8 fi6,8 111111111$6,5" 1 57.t , 51.7 )
IPC Paste Shear sensitivity factor (n,) 13 .0 7.02 7.66 31.7 18.0 56.8 173.3 148 .1 l l 5 . 1 212.2 r73.3 110 .5 399.7 399.7 206.9

10 rpm viscosity (r11s) 0.54 0.4'7 0.57 0.67 0.54 0.5 0.38 0.74 0.64 0.46 0.38 0.39 0.44 0.44 0.42
Confidence offit (%) 87.6 84 .1 76.4 86.3 92.4 85.7 85.6 96.9 98. r 87.0 85.6 83.6 83.9 83.9 82.6
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Table 2 Cut-off diameter dso of raw, ultrasonicated and Fenton oxidized sludges
at TS concentration 10 - 40 glL

TS, g/L Cut-off diameter, dso (pm)

Raw sludge Ultrasonicated sludee Fenton oxidized sludse

10 3r.3 (t2.2) 12.9 (+0.9) 50.3 (+ 3.s)

20 33.3 (+2.3) 13.6 (+ 0.95) s2.3 (+3.7)

25 43.0 (+ 3.0) 12.6 (+ 0.88) 53.9 (+ 3.8)

30 39.8 (+2.8) 12.3 (+ 0.86) s2.3 (+3.7)

40 4r.2 (r2.9) 14.0 (+ 0.98) ss.6 (+ 3.9)
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CHAPITRE 4 EFFET DE PRÉTRAITEMENT SUR LA BIoDÉGRADATIoN DU
PHTALATE DE nr1ÉTnvLHEXYLE)

(Résultats de I'objectif 5)

4.1. Effect of ultrasonification and Fenton oxidation on biodegradation of
bis(2-ethylhexyl) phthalate (DBHP) in wastewater sludge
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"INRS-ETE, Université du Québec, 490 rue de la Couronne, Québec (QC) GlK 9A9, Canada
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Résumé

L'étude systématique (avant et après le prétraitement, la dégradation aérobie et la fermentation

de Bacillus thuringiensrs-B| de la présence du phtalate de di-(2-éthylhexyle) (DEHP) et de

ses métabolites, à savoir les 2-éthylhexanol, 2-éthylhexanal, et acide 2-éthylhexanoïque, dans

les boues d'épuration a été effectuée. Le DEHP et I'acide 2-éthylhexanoïque ont été observés

à des concentrations importantes. Quant à eux, les 2-éthylhexanol et 2-éthylhexanal ont été

observés à de faibles concentrations dans des boues non traitées et traitées par

I'ultrasonification et l'oxydation Fenton. Pour la dégradation aérobie, les microorganismes

indigènes présents dans les boues ont été responsables de la biodégradation du DEHP,

résultant en des enlèvements en masse du DEHP de 72oÂ, 89Yo et 85%o, et de I'acide

2-éthylhexanoïque de 7IoÂ,84oÂ,79oÂ, respectivement pour RS, UIS et FS. Bt a été jugée

capable de dégrader le DEHP, résultant en la réduction de la concentration du DEHP de I8oÂ,

38oÂ et 25oÂ pour RS, UIS et FS dans la fermentation. Le prétraitement de l'untrasonication et

de I'oxydation Fenton ont amélioré la biodégradabilité des boues d'épuration et Ia

biodisponibilité des composés organiques cibles pour la digestion et la fermentation. Ainsi, la

production des biopesticides à base de Bt à partir des boues d'épuration peut être appliquée en

toute sécurité lors de la prise en considération des contaminants du phtalate.

Mots clés: Bacillus thuringiensls, digestion aérobie, fermentation,oxydation Fenton, phtalate

de di(2-éthylhexyle), ultrasonification.
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Abstract

The presence of bis(2-ethylhexyl) phthalate (DEHP) and its metabolites, i.e. 2-ethylhexanol,

2-ethylhexanal, and 2-ethylhexanoic acid in wastewater sludge (WWS) were investigated

during aerobic digestion and Bacillus thuringiensis (Bt)-based fermentation of WWS.

Ultrasonification and Fenton oxidation pretreatment was applied to improve biodegradability

of WV/S and bioavailability of the target compounds for digestion and fermentation. DEHP

and 2-ethylhexanoic acid were observed at higher concentration, meanwhile 2-ethylhexanol

and 2-ethylhexanal were observed at lower concentration in WWS. After 2O-days aerobic

digestion, DEHP removals were 72,89, and 85Yo, and 2-ethylhexanoic acid removals were 71,

84, J9oÂ, respectively for raw, ultrasonicated, and Fenton oxidized sludges. Bt was found to

degrade DEHP, leading to DEHP removal of 2I, 40, and 30o%, respectively for raw,

ultrasonicated, and Fenton oxidized sludges in the fermentation. The results suggested that

aerobic stabilization and Bt-based fermentation can remove the phthalates, and pre-treatment

of WWS was also effective in improvement of DEHP biodegradation. Hence, Bt-based

biopesticide production from WWS can be applied safely when taking into consideration the

phthalate contaminants.

Key words: aerobic digestion, bis(2-ethylhexyl) phthalate, Bacillus thuringiensis, Fenton

oxidation, fermentation, ultrasonification.
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1. Introduction

Wastewater sludge (V/WS) contains contaminants, such as heavy metals, pathogens and toxic

organic compounds which impede its disposal or its use as a raw material for the production of

value added products (VAPs). During the production of VAPs, the pathogens are removed

during sterilization (a necessary step in a bioconversion process) and toxic metals can be

removed by various processes developed for sludge decontamination (Barnabé et a1.,2007).

There are however, concerns about the presence of trace organic compounds, which pose

potential risks to environment and human health. Thus, the toxic organic compounds are

considered as priority pollutants in WWS and must be monitored more closely.

Phthalates classified as endocrine disrupting compounds (EDCs) are anthropogenic chemicals

of concern due to their wide range utilization in the manufacture of polyvinyl chloride (PVC)

and other resins, plasticizers, and insect repellents. Phthalates can enter the environment

through losses during manufacture and by leaching from final product, as they are not

chemically bonded to the polymeric matrix. WWS is found to be the point sources of these

compounds in wastewater treatment plans. Due to their low water solubility and high

hydrophobicity, they have a tendency to sorb to sediments and suspended solids (Scrimshaw

and Lester, 2003; Abad et a1.,2005; Barnabé et a1.,2009).

Among the phthalates, bis(2-ethylhexyl) phthalate (DEHP) come to the fore due to certain

reasons: DEHP is one of the most signif,rcant of the phthalates since it is used as a plasticizer

in large quantities (Gômez-Henz and Aguilar-Caballos, 2003); its recalcitrance with the length

of alkyl side chain influencing amenability to degradation (Amir et al., 2005; Chang et al.,

2007); biodegradation of the compound produces breakdown products, 2-ethylhexanol,

2-ethylhexanal and 2-ethylhexanoic acid that are found to be more toxic than the original
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compound (Horn et a1.,2004; Nalli el a|.,2006). This particular di-ester plasticizer is amongst

the most abundant organic contaminants in urban wastewater and sewage sludge and has been

classified as a priority organic pollutant (CEC, 2000; Scrimshaw and Lester, 2003).

Pre-treatment processes have been applied prior to bioconversion of WWS in order to improve

biodegradability of the sludge and thus performance of aerobic or anaerobic digestion as well

as increase the yield of value added products during bioconversion (Bougrier et al., 2006;

Pham et a1.,2009). Similarly, several pre-treatment processes, such as ultrasonication, thermal

treatment and enzymatic pretreatment were found to be effective in the removal and

detoxification of DEHP in sludge (Gavala et al., 2004; Chang et al., 2007; Barnabé et al,

2009).In fact, pre-treatment has been found to improve the bioavailability of the phthalate in

sludge, and thus make the compound more susceptible for the further biodegradation (Barnabé

et a1.,2009).

Moreover, the conventional sludge treatment processes, such as composting and stabilization

(aerobic and anaerobic digestion) of sludge were demonstrated to be able to remove phthalates

due to the role of indigenous microorganisms in sludge (Alatriste-Mondragon et al., 2003;

Gavala et al., 2004; Marttinen et al., 2004; El-Hadj et al., 2006; Pakou et al., 2009).

Additionally, pure microbial strains isolated from sludge have been shown to be capable of

utilizing DEHP as a sole carbon and energy source (Chang et al., 2007; Quan et al., 2005;

Roslev et a1.,2007\.

B. thuringiensrs (Bt) based insecticidal toxins production using WWS as raw material has been

studied with success in our lab (Vidyarthi et al., 2002;Yezza et a1.,2005). Furthermore, the

pre-treatment processes, i.e., ultrasonication and Fenton oxidation were found to be effective

in the improvement of Bt based biopesticide production using WWS (Pham et a1.,2010).
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However, the concern is the fate of DEHP, one of the toxic compounds formed during pre-

treatment and WWS based production of the value-added product.

Hence, the objective of the present work is to investigate the presence of DEHP and its

metabolites , i.e. 2-ethylhexanol, 2-ethylhexanal, and 2-ethylhexanoic acid during the pre-

treatment processes (ultrasonication and Fenton oxidation) and subsequent Bt fermentation of

WWS. The main goal of the study is the enhancement of DEHP removal during WWS

bioconversion preceded by pretreatment processes. Moreover, the quantification of the toxic

compounds is essential to ensure environmentally safe application of value-added products

derived from WV/S.
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2. Materials and methods

2.1. Chemicals and glassware

DEHP (98%) was purchased from Fluka/Sigma-Aldrich Co. (Oakville, Ontario).

2-ethylhexanol (99.60Â), 2-ethylhexanal (96%) and 2-ethylhexanoic acid (99%) were obtained

from Sigma-Aldrich Co. (Oakville, Ontario). HPLC-grade acetone and HPLC-grade

dichloromethane were purchased from Fisher Scientific (Montreal, Quebec) and used for

cleaning, extraction and dilution purposes. All solvents were tested for potential contamination

with DEHP and related breakdown products during each gas chromatograph (GC) analysis

(blank sample).

All glassware was submerged in0.2 g/L-NaOH solution for 24 h, rinsed by Milli-Q water in a

ultrasound bath for 30 min, and then rinsed with acetone and lastly with dichloromethane two

times.

2.2. Sampling

Secondary sludge sample was collected from biofiltration treatment system of CUQ

(Communauté urbaine de Québec, Canada). Samples were collected in 2.5 L - amber colored

bottles which were pre-rinsed with Milli-Q water, acetone and dichloromethane to avoid

potential contamination of samples with phthalate. After collection, samples were stored in

cold room at 4tl"C for a maximum of one week for further experiments.

2. 3. Experimental procedure

2. 3. 1. Fenton oxidation pre-treatment

Three hundred milliliters of wastewater

10 N H2SOq and placed in a 500 mL flask.

sludge sample were acidified to pH 3 with

HzOz stock solution (30 % v/v) and FeSO+ stock
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solution (0.01 g/L) were added to the sludge samples to initiate Fenton oxidation reaction. The

volumes of stock solutions of the reagents added to the samples were calculated according to

reagent concentrations required for experiments. Fenton oxidation was carried out in the flasks

placed in a shaker at 150 rpm under following conditions: 0.01 mL HzOzlg suspended solids

(SS), 150 [HzOz]o/[Fe'*fo, 25 glLtotalsolids (TS), at 25"C and60 min duration.

2. 3. 2. Ultrasonffication pre-treatment

Ultrasonification was carried out using ultrasonic homogenizer Autotune 750W (Cole-Parmer

Instruments, Vemon Hills, Illinois, US). The ultrasonification equipment was operated at a

frequency of 20 kHz, using a platinum probe with tip diameter of 25 mm. Four hundred

milliliters of wastewater sludge sample at ambient temperature was placed in a I L beaker.

The ultrasonic probe was dipped in such a way that it was immersed 2 cm into the sludge. The

conditions of the ultrasonification were 0.75 Wlcrrl ultrasonification intensity, 60 min

ultrasonification time, and 25 glL TS. The raw, ultrasonicated and Fenton sludges were

abbreviated as RS, UIS and FS, respectively.

2. 3. 3. Aerobic degradation

Examination of biodegradability was carried out by inoculating RS, UlS and FS with

microbial consortia of 2 Yo (v/v) of fresh activated wastewater sludge followed by incubation

of inoculated pre-treated sludge at 25 + l"C at 150 rpm on a rotary shaker for 20 days. The

biodegradability was assessed by the decrease in total solids (TS) caused by consumption of

microorganisms after incubation (20 days) (Eq 1). At the end of incubation, the volume loss

due to evaporation was readjusted to 75 mL with Milli-Q water.

after biodegradation 
)r100%

before biodegradation/

TS concentration
Biodegradabilitv : 

[r 
-

TS concentration
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2. 3. 4. Bt shake-fl ask fermentation

A loopful of Btk from TSA plates was used to inoculate a 500-mL Erlenmeyer flask

containing 100 mL of sterilised TSY medium. The flask was incubated on a rotary shaker at

300 rpm at 30+1'C for 12 h. A 2% (v/v) inoculum from this flask was then used to inoculate

500-mL Erlenmeyer flasks containing 100 mL of sterilized sludge media. These flasks were

incubated for 12 h and used as a second inoculum. The Erlenmeyer flasks (500-mL)

containing 100 mL RS, UIS and FS were inoculated with a 2.0%o (v/v) second inoculum. The

flasks were incubated at 300 rpm and 30 + loc for 48 h. Culture samples were withdrawn

from the flasks at 48 h of the inoculation to evaluate Bt growth (total cells) and to analyze the

concentration of DEHP and its metabolites.

2.4. Analytical method

2.4.1. Extraction

The sludges were kept at -20oC for 24 h to be frozen before lyophilization in a freeze-dryer.

The freeze dried sludges were homogenized in a blender with glass container, and then kept in

a desiccator for further extraction and analvsis.

The target compounds were extracted from sludge matrices with dichloromethane in an

ultrasonic water bath. The extraction was canied out in 15 mL glass centrifuge tubes. An

amount of 0.5 gfreeze dried sludge was transferred in the tube, and l0 mL of dichloromethane

was added. The sludge and solvent in the tubes were vortex mixed for I min. The tubes were

sonicated in the ultrasonic water bath in 30 min and then centrifuged for 5 min at 150 rpm.

The liquid phase was transferred to 15-mL glass tube and the extraction procedure was

repeated twice with the residues. A1l extracts from same sludge matrix were collected and

concentrated to 2 mL under Nz. The extracts were diluted with dichloromethane 20 times in
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z-mL vials for GC analysis. n-pentadecane was added into every sample at the end of

extraction as an intemal standard. The recovery of the extraction procedure was evaluated by

spiking sludge samples with known concentrations of the target compounds.

2.4.2. Gas chromatography

Gas chromatographylmass spectrometry (GCA4S) analysis was carried out on a GCAvIS

Clarus 500 (Perkin Elmer) and a VF-5ms capillary column (Varian), 30 m, 0.25 mm ID and

0.25 pm film thickness. Helium was used as the carrier gas at a flow rate of 2 rnLlmin. The

injector and transfer line were maintained at 250 " C and 280 o C, respectively. All injection

volumes were I pL in the splitless mode (a0:1). The column temperature was initially held at

60+l"C for 2 min, ramped to 300oC at arate of 1S"C/min, then temperature was held at 300"C

for 10 min. The mass spectrometer was used in electron ionization mode (70 eV). The source

temperature was 180"C. Selected ion monitoring (SIM) was used for quantitative analysis; the

m/z values of the ions monitored are listed in Table 1.

Calibration curves were constructed by quadratic regression of peak areas of standard

solutions against their respective concentrations. A mixture of the target compounds was

prepared in dichloromethane as standard solutions at concentrations ranging from 1.2 to

I2.I mglL for DEHP, from 1.0 to I0.2 mglL for 2-ethylhexanol, from 1.0 to 10.1 mg/L for

2-ethylhexanal, and from 1.1 to 11.1 mglL for 2-ethylhexanoic acid.

The phthalates were identified on the basis of their retention times relative to the internal

standards. Quantification was based on peak areas in relation to internal standards, and

quadratic 5-point calibration curves.
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2.4. 3. Method validation

Contamination was verified by analyzing blanks for sample preparation (rinsed glassware,

solvent, extraction, concentration) and their values were under the detection limits. The lowest

concentration calibration standard was analyzed at every 10th injection to ensure acceptable

instrument p erformance.

Estimation, establishment and evaluation of limits of detection (LOD) and quantification

(LOQ were performed according to Quebec governmental procedures for quality control in

analytical chemistry (Protocole pour la validation d'une methode d'analyse en chimie, 2009).

The estimated LOD was calculated as 3 times the standard deviation of 10 replicates for low

level concentration compounds in dichloromethane. LOD and LOQ were calculated as 3 times

and 10 times, respectively, for the standard deviation of 10 replicates of a low level sample

having concentration of the compounds being 5 to 7 times the estimated LOD. The evaluation

of these limits was based on the ratio of conformity which was the ratio of the mean of the

replicates to the calculatedLOD. The conformityratio mustbe inthe interval of 4 to 10. To

obtain LOD and LOQ in dried matter, the LOD and LOQ values were multiplied by the

volume of the solution of sludge matter in dichloromethane and divided by the dry matter

weight. The values of LOD and LOQ along with the conformity ratios are presented in

Table 2. The percentage recovery was monitored using spiked and non-spiked samples and is

presented in Table 2.

Concentrations in sludge contents are expressed as pglkg on the basis of dry weight. All

samples were analyzed three times and results were given as meansastandard deviation.
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2.5. Characterization of sludges

Total solids and chemical oxygen demand (COD) were determined as per Standard

Methods (APHA, AV/WA & WPCF, 2005). Chemical oxygen demand was measured in total

sludge (TCOD) and in supematant (SCOD) by centrifuging at 7650 g for 15 min at 4o C,

followed by filtration of the sludge supematant. Particle size analysis was carried out by using

Fritsch Laser particle sizer analysette 22, which is based on LASER diffraction principles.

Viscosity was measured by using a rotational viscometer Brookefield DVII PRO+ (Brookfield

Engineering Laboratories, Inc., Stoughton, MA, USA). Changes in characteristics of RS, UIS

and FS are presented in Table 3.
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3. Results and Discussion

3.1. DEHP and its metabolites in raw and pre-treated sludges

The concentrations of four toxic compounds detected in RS, UIS and FS are shown in Table 3.

The concentration of DEHP observed in RS was 31.4 mgkg-r, which increased to 37.8 mg kgr

in UIS and decreased to 26.22 mg kg-l in FS. The same trend was observed for concentration

of 2-ethylhexanoic acid, meaning highest concentration of the acid was 39.3 mg kg-t in UlS,

followed by 28.8 mg kg-r in RS and, 25.1 mg kg-' in FS. Both 2-ethylhexanol and

2-ethylhexanal were detected at minor concentrations in RS, UIS and FS. Of these, the

concentration of 2-ethylhexanol was 0.4, I.l and 0.29 mg kg-t and for 2-ethylhexanal was

0.22, 0.008 and 0.03 mg kg-twere observed in RS, UlS and FS, respectively. The presence of

DEHP - derivative products in the sludge gave the evidence that DEHP degradation could

partially occur in the biohltration system (secondary treatment) of the wastewater treatment

plant in which sludge was sampled. Oliver et al. (2007) demonstrated that the biofilm formed

from microorganisms can metabolize phthalates due to the presence of DEHP - degrading

microbes. According to the authors, 55.7% DEHP was removed by the microorganisms which

were dominant in the trickling filters. As shown in Table 4, the concentrations of the

compounds appeared to be highest in UlS, followed by RS and FS. During ultrasonication,

hydroshear forces produced from cavitation of bubble make sludge flocs disintegrate, thus

cleaving strong bonds of organic compounds present in the sludge matrix (Marttinent et al.,

2004; Pham et al., 2009). As a result, the phthalate and its metabolites sorbed on sludge

particulate were transferred to the aqueous phase. This diffi.rsion of the compounds enhanced

the efficiency of extraction with organic solvent, leading to detection of higher concentrations

of the toxic compounds in UIS compared to RS and FS. The observation of DEHP
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concentration in ultrasonicated sludge was found to be different from the studies of Yim et al.

(2002) and Psillakis et al. (2004) on sonochemical degradation of phthalate esters in which

ultrasonication treatment was found to be capable of removing DEHP and other phthalates.

However, the frequency applied in their study was much higher (80 and 200 kIIz) than this

study (20 kllz). Thus this ultrasonic frequency is high enough to produce hydroxylation and

thermal decomposition of degradation of phthalate. It was observed that DEHP,

2-ethylhexanol, 2-ethylhexanal and 2-ethylhexanoic acid decreased by 31, 28.7 and 36%o,

respectively, in FS. This reduction was attributed to an oxidative degradation employing

hydroxyl radicals known as a powerful oxidation agent produced in Fenton reaction (Yang

et a1.,2005; Cben et a1.,2009).In addition, under extremely acidic pH, sludge components

were decomposed, thus leading to discharge of organic substances from sludge and thus

become susceptible to the oxidative degradation (Pham eta1.,2010). Thus, phthalate and its

metabolites were available in liquid phase to be partially oxidized or mineralized with the

hydroxyl radicals. In addition, the availability of the remaining of the compounds in sludge

could enhance extraction effect in detection steps, such as ultrasonication mentioned above.

3.2. Effect of prelreatment on DEHP degradation in aerobic digestion

The removal of DEHP and 2-ethylhexanoic acid in digested sludges were calculated and are

presented in Fig 1. The mass removals of DEHP and its metabolites were calculated taking

into account the decrease in TS of sludges after 20-day aerobic digestion. The concentrations

of DEHP and 2-ethylhexanoic acid in digested sludges were observed to be less pronounced

compared to the sludges prior to aerobic degradation. Meanwhlle, 2-ethylhexanol and

2-ethylhexanal were not detected in all raw and pre-treated sludges after the aerobic

degradation.
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DEHP removal was 72,89, and 85o%, respectively, for RS, UlS and FS after degradation. The

removals of 2-ethylhexanoic acid were found to be 71, 84, and 79oÂ for RS, UlS and FS,

respectively. The reduction of DEHP after aerobic degradation was in agreement with

previous studies. Roslev et al. (2007) reported that the overall microbial degradation of DEHP

was estimated to be 81% in a full scale activated sludge wastewater treatment plant with

biological removal of nitrogen and phosphorus. Marttinen et al. (2004) reported that DEHP

removal was 62Yo in the degradation of sewage sludge by aeration at 20"C for 28 days.

As mentioned in Fig 2, in aerobic degradation, DEHP could undergo the hydrolysis of ester-

bond (de-esterification), producing mono-(2-ethylhexyl) phthalate (MEHP) and corresponding

alcohol, 2-ethylhexanol (Staple et al., 1997; Nalli et al., 2006). In this case, MEHP was

subsequently hydrolysed (dealkylation/de-esterfication) into phthalic acid and finally could

have undergone a cleavage of aromatic ring into acetyl CoA and succinate through

potocatechuate pathway (Staple et al., 1997; Quan et aL.,2005). Meanwhile, 2-ethylhexanal

underwent the oxidation pathway, leading to accumulation of 2-ethylhexanal and subsequent

2-ethylhexanoic acid (Gavala et al., 2003; Nalli et al., 2006). The microbial enzymes

responsible for the DEHP degradation mechanisms were classifîed as hydrolases, esterases,

oxidases, dehyrogenase, (Barnabé et al., 2009:). These enzymes were found to be produced

from the indigenous flora of sludge. It was noteworthy that lipase having an ester hydrolysis

activity was demonstrated to be the most active enzyme in aerobic activated sludge (Gavala,

et al., 2003; Nakymya et al., 2005). According to the analysis, both 2-ethylhexanol and

2-ethylhexanal were not presented in all digested sludges. It was suggested that certain

amounts of these compounds were oxidizedto 2-ethylhexanoic acid in aerobic conditions. The

rest could be volatilized during 20 days of the digestion, since 2- ethylhexanol and
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2- ethylhexanal have high volatility of 48 and 200 Pa at2}"C,respectively (Nalli et a1.,2006).

Both 2- ethylhexanol and 2- ethylhexanal were observed in high amounts in the gas phase of

DBHP-degradation by Rhodococcus rhodochrous, soil-microorganisms in the study of Nalli

et al. (2006). 2-ethylhexanoic acid was observed to be resistant to further Rhodococcus

rhodochrous - based degradation in the same studies. However, 2- ethylhexanoic acid was

demonstrated to be readily biodegradable in several biodegradability tests (Staples et al.,

2001). In addition, 2- ethylhexanoic acid was observed to be significantly reduced in this

study, showing that the mixture of microorganisms in the sludge was capable of degrading this

compound. There were many aerobic bacteria strains isolated from sludge sample capable of

metabolizing the phthalate as carbon source (Olivier et al., 2007; Nakamiya et al., 2005;

Chang et al., 2007). Obviously, the metabolism of phthalate appeared to be more efficient

from a mixed microbial population than an individual microorganism (Staples et al, 1997;

Roslev et a1.,2007).

The reduction of DEHP in UIS and FS was more pronounced compared to RS, showing the

role of pre-treatment on facilitating the DEHP biodegradation. Sludge disintegration with

ultrasonication and Fenton oxidative decomposition affected physicochemical changes of

sludge, facilitating microbial degradation of the toxic compounds. The pre-treatment processes

modified sludge characteristics, causing sludge particle size reduction and weakened floc

strength as shown in Table 3. This led to reduction in the sorption of phthalate on sludge

particles and increased the phthalate in the dissolved form which was available for microbial

phthalate-degraders (Marttinen et al., 2003; Fountoulakis et al., 2006). Ultrasonication and

Fenton oxidation improved the phthalate degradation, i.e. enhancement of mass and oxygen
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transfer during aerobic degradation since the pre-treatment caused decline in sludge viscosity

and increase in solubilization (Pham et a|..2010).

3.3. Effect of pre-treatment on DEHP degradation during Bt-fermentation

The concentrations of DEHP and its metabolites measured at the beginning (0 h) and the end

(48 h) of Bt fermentation of WWS are shown in Table 4. The concentrations of DEHP,

2-ethylhexanol and 2-ethylhexanal decreased moderately during Bt fermentation, while the

concentration of 2-ethylhexanoic acid increased for all fermented sludges of RS, UIS and FS.

The changes in the concentrations of the phthalate and the metabolites expressed the

degradation of the compounds by Bt during fermentation. The degradation could be attributed

to the activity of enzamatic system produced by Bt during fermentation. DEHP decomposition

by yeast esterase has been already reported by Kim et al. (2003). In addition, the production of

esterase by Bt was found by Brar et al. (2009) studying DMP degradation during Bt

fermentation. Thus, esterase was probably one of enzymes that were responsible for

biodegradation of the phthalate in the present study. The metabolic intermediates of

biodegradation of DEHP, i.e. 2-ethylhexanol and 2-ethylhexanal were found in lower

concentration in all sludges which were further reduced during fermentation. This reduction

could be explained by the biodegradation as well as evaporation during Bt fermentation as it

happened during the digestion of WWS by aeration as discussed earlier. Meanwhile, the

concentration of 2-ethylhexanoic acid increased in all three sludges after the fermentation.

This could result from the oxidation of 2-ethylhexanol and 2-ethylhexanal produced from the

de-esterification of DEHP leading to the accumulation of the acid as discussed earlier. This

accumulation of the acid conf,rrmed that Bt was not capable of degrading the acid.
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Fig 3 presents the maximum Bt cells obtained along with the percentage of DEHP removal in

mass after Bt fermentation of raw and pre-treated sludges. As shown in the Fig 3, the

percentage DEHP removal in pre-treated sludges was observed to be higher than the raw

sludge. The number of Bt cells produced during the fermentation of pre-treated sludges were

higher than the raw sludge. The pre-treatment processes, i.e., ultrasonication and Fenton

oxidation have positively influenced Bt growth and DEHP biodegradation during

fermentation. Ultrasonication and Fenton oxidation increased the biodegradability of WWS

(shown in Table 3), thus leading to increase in Bt growth (Pham et al., 2010). The

pre-treatment also enhanced the bioavailability of phthalate for degrading microorganisms

(Barnabé et al., 2009). Therefore, the improvement of DEHP degradation in pre-treated

sludges could be explained by the high accessibility of phthalate to Bt bacteria during

fermentation. Higher percentage of DEHP degradation was obtained for UIS (40%) followed

by FS (30%) and RS (21%). Meanwhile Bt growth was maximum for FS

(1.63 x 10e CFU ml.-l) followed by UIS (4.08 x 108 CFU ml-t) and RS

(I.44 x 108 CFU -L-t). Thus, DEHP degradation of Bt did not depend on the cell count of Bt

cells, but depended on the bioavailability of DEHP. Compared to Fenton oxidation,

ultrasonication was reported to be capable of releasing more organic compounds from the

adsorption of WWS due to the disintegration of sludge flocs and celllysis (Pham et al, 20010).

DEHP degradation of Bt will be carried out in synthetic medium in the future to study the

mechanism of degradation.
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4. Conclusions

DEHP and 2-ethylhexanoic acid were observed at high concentrations ranging of

26.22-31.8 and 25.1-39.3 mg kg-t, respectively, meanwhile 2-ethylhexanol and

2-ethylhexanal were observed at lower concentration ranging of 0.29-1.1 and

0.008-0.22 mg kg-l, respectively, in RS, UIS and FS.

After 20-day aerobic digestion, DEHP removal was72,89, and 85 yo, and2-ethylhexanoic

acid removal was 7 1, , 84, 79 o/o, respectively, for RS, UlS and FS.

Bt was found to degrade DEHP, leading to DEHP removal of 21,40, and 30oÂ for RS, UIS

and FS. Meanwhile, 2-ethylhexanoic acid was found to be resistant to degradation during

sludge fermentation.

Ultrasonication and Fenton oxidation were found to play a critical role in the improvement

of bioavailability of the compounds for microbial indigenous flora in digestion and during

Bt fermentation of sludse.

Thus, both WWS aerobic stabilization and Bt-based production of value-added products from

V/V/S can be applied without concern of DEHP accumulation. The removal of DEHP during

sludge treatment and sludge value-addition would be further enhanced by pre-treatment

processes.
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Appendix

Abbreviations

Bt

DEHP

FS

EDCs

GC/MS

LOD

LOQ

MEHP

RS

SCOD

SIM

SS

TCOD

TS

VAPs

UIS

wws

B acillus thuringiens is

Bis(2-ethylhexyl) phthalate

Fenton oxidized sludge

Endocrine disrupting compound

Gas chrom ato gr aphy lmas s spectrometry

Limit of detection

Limit of quantification

Mono-(2-ethylhexyl) phthalate

Raw sludge

Soluble chemical oxygen demand

Selected ion monitoring

Suspended solids

Total chemical oxygen demand

Total solids

Value added products

Ultrasonicated sludge

Wastewater sludge
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Table I Selected ions for the SIM mode detection

* Ions used for quantification

Compound Retention time (min) Selected ions (m/z)

DEHP 17.2s 57;69 ;149;167

2-ethylhexanol 5.80 57;70";  83

2-ethvlhexanal 5.09 57 ;72 ;85

2-ethylhexanoic acid 6.72 57 ;73 ' ;87 ;100

n-pentadecane 10.39 57 ;71 ' ;85

217



Table 2 Limits of detection (LOD), limits of quantification (LOQ), ratio conformity and
recovery of the compounds from sewage sludge

Compound LoD (pglke dm) LoQ Ge/ke
dm)

Ratio of

conformity

Recovery (%)

DEHP t4.84 53 9 85

2-ethvlhexanol 19.08 63.6 9 76

2-ethvlhexanal 16.96 57.27 8 78

2-ethylhexanoic

acid

15.05 50.4 6 82
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Table 3 Concentration of DEHP and its degradation products in different sludges along
with characteristics of the sludges

Raw sludge
DEHP (mglkg) 31.4 + 0.3
2-ethylhexanol (mg/kg) 0.4 + 0.1
2-ethylhexanal (mg/kg) 0.22 +0.05
2-ethylhexanoic acid 28.8 + 0.5
(mg/kg)
rS (g/L)
pH
uMedian particle size
oCompactness degree
Apparent viscosity (mPa.s)

Ultrasonicated sludge
37.8 + 0.9
1.1 + 0.1
0.008
39.3 + 0.7

25
3 . /

13
1.5
73
110 956
75
77

Fenton oxidized sludge
26.22 +0.4
0.29 + 0.01
0.03
25.1+ |

25
4.3
54
1.3
40
106 518
65
73

25
5.7
43
1.6
79

TCOD (mg/L) 110 es6
'solubilization (%) 60
dBiodegradabllity (%) 64

u diameter 50 oÂ size distribution cut-off points
b fractal dimension index estimated from the slope of log10 plot of limiting viscosity (r1-)
versus TS concentration (rl- * 75rltt 

D r t :,

" SCOT/TCOD
dpercentage of TS consumption during 20-day aerobic degradation
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Table 4Fate of DEHP and its metabolites during Bt-fermentation

0h 48h 0h 48h 0h 48h

DEHP(mg/ke )  31 .5+1 .2  24 .2+1 .6  36 .6+  1 .8  22 .8+03  25 .6+0 .5  19 .3+0 .9

2-ethylhexanol (mg/kg) 0.4 + 0.03 0.048 l.0l + 0.09 0.552 + 0.02 0.39 + 0.08 0.27 + 0.01

2-erhylhexanal (mglkg) 0.20 +0.02 0.048 0.008 - 0.048 0.008

2-ethylhexanoic acid 27.7 + 1.9 29.8 + 0.9 38.8 + 1.3 36.9 + 1.4 25.3 + 0.6 25.7 + 0.5

(mg/kg)

RS, UlS, FS refered to raw, ultrasonicated and Fenton oxidized sludges
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Figure I Removal of DEHP and 2-ethylhexanoic acid calculated as mass
during aerobic digestion (20 days of incubation time)
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Figure 2 Removal of DEHP and 2-ethylhexanoic acid calculated as mass
during aerobic digestion (20 days of incubation time)
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CHAPITRE 5 CONCLUSIONS ET RECOMMANDATIONS

Ce travail démontre que l'ultrasonification et I'oxydation Fenton peuvent être appliqués

comme prétraitement pour améliorer la biodégradabilité des boues d'épuration et la production

subséquente de produits à valeur ajoutée. Ces prétraitements permettent également d'améliorer

l'enlèvement du bis (2-éthylhexyle) durant la stabilisation des boues et la production à valeur

ajoutée. Au total, ce travail a permis de réaliser quatre articles scientifiques publiés.

5.1. Conclusions

s.LL Aagmentation de la biodégradabilité des boues

L'étude sur I'effet de l'ultrasonification et I'oxydation Fenton sur la bioconversion des boues en

des produits à valeur ajoutée a conduit aux conclusions suivantes :

- L'ultrasonification et I'oxydation Fenton ont modifié de propriétés physico-chimiques

des boues d'épuration, soit la diminution de la viscosité et la taille des particules, et

I'affaiblissement de la structure des flocs, entraînant I'amélioration du transfert

d'oxygène dans la biodégradation.

- L'ultrasonification et I'oxydation Fenton ont amélioré la production de biopesticides

dans des boues d'épuration en augmentantla croissance et la sporulation de Bt lors de

sa culture dans des boues.

5.1.2. L'enlèvement du DEHP

L'étude de la présence de DEHP et ses métabolites pendant le prétraitement, la digestion

aérobie et la fermentation de Bacillus thuringiensls a conduit aux conclusions suivantes :

- L'ultrasonification et I'oxydation Fenton ont réduit la concentration en DEHP dans les

boues d'épuration.

- L'ultrasonification et I'oxydation Fenton ont amélioré la biodisponibilité du DEHP

pour la biodégradation du DEHP par des micro-organismes.

- Les microorganismes indigènes présents dans les boues d'épuration sont responsables

de la dégradation du DEHP dans la digestion aérobie,

Bacillus thuringiensls, une excellente < productrice à valur ajoutée >>, est capable de dégrader
le DEHP.
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5.1.3. Modijication des caractères rhéologiques des boues

L'étude sur I'influence de l'ultrasonification et de I'oxydation Fenton sur les caractères

rhéologiques des boues d'épuration a conduit aux conclusions suivantes:

- L'oxydation Fenton a augmenté la hltrabilité des boues en raison de réagrégation des

particules des boues. Également, I'ultrasonif,rcation a détérioré la filtrabilité en raison

de diminution de la taille des particules. Ainsi, I'oxydation Fenton peut être utilisée

pour la déshydratation des boues pour leur élimination éventuelle.

- L'ultrasonification et I'oxydation Fenton ont amélioré la fluidité des boues due à la

réduction de pseudoplasticité des boues. Cela facilite la gestion des boues (transport,

mélange, aération, etc.).

5.2. Recommandations

5.2.1. Prétraitement

Ce travail a porté sur l'étude de prétraitement individuel, soit l'ultrasonification coflrme

méthode physique et l'oxydation Fenton comme méthode chimique. La combinaison de

procédés de prétraitement pourrait donner de meilleurs résultats sur I'amélioration de la

biodégradabilité des boues d'épuration. Il est recommandé de :

- Combiner I'ultrasonification et l'oxydation Fenton: ultrasonification-oxydation

Fenton; oxydation Fenton-ultrasonicaiton.

- Étudier la photo-oxydation Fenton avec la lumière UV.

5.2.2. Obtention de produits à valeur ajoatée

L'ultrasonification et I'oxydation Fenton accroissent la croissance et la sporation de Bt lors de

sa culture dans des boues d'épuration. Cependant, les expériences ont été réalisées en fioles

Erlenmeyer. Pour bien évaluer l'amélioration de la production de produits à valeur ajoutée à

base de Bt, la fermentation de Bt dans un fermenteur avec un système de contrôle est

nécessaire. Il est recommandé de :

- Réaliser la fermentation de Bt en fermenteur avec des conditions contrôlées en utilisant

boues non traitées et traitées comme substrat.

- Réaliser des bioessais des bouillons fermentés afrn d'évaluer le potentiel

d'entomotoxicité pour la production des biopesticides

224



A part Bt, d'autres micro-organismes industriels sont capables de produire des pr.oduits à

valeur ajoutée en utilisant des boues d'épuration comme matière première. C'est le cas de

l'agent de biocontrôle Trichoderma viride et de I'inoculant microbien Sinorhizobium meliloti.

Certaines méthodes de prétraitement sont efficaces pour amliorer le rendement de ces

productions dont les traitements acide, alcaline et thermo alcalin ainsi que les traitements par

oxydation. Il est recommandé d'évaluer I'effet des ultrasons et de I'oxydation Fenton sur

I'amélioration de la production de produits à valeur ajoutée basés sur ces micro-organismes.

5.2.3. Biodégradation du DEHP dans les boues

Ce projet portait partciulièrement sur I'enlèvement du DEHP dans les boues d'épuration

pendant le prétraitement, la digestion aérobie et la fermentation de Bt. II a été démontré que Bt

est capable de dégrader le DEHP dans les boues. Une étude plus poussée sur le mécanisme de

dégradation de Bt du DEHP est recommandée :

- Réaliser une fermentation de Bt dans un milieu synthétique ainsi que des boues brutes

et prétraitées dopés avec différentes concentrations de DEHP pour déterminer

I'utilisation du DEHP comme source unique de carbone de Bt et l'étude de la cinétique

de dégradation du DEHP par Bt.

- Mesurer les activités des enzymes au cours de la fermentation de Bt pour déterminer

lesquelles sont responsables de la dégradation de DEHP.
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ANNEXE I
OPTIMIZATION OF FENTON OXIDATION PRE-TREATMBNT FOR B.
THURINGIENSIS _ BASED PRODUCTION OF VALUE ADDED
PRODUCTS F'ROM WASTEWATER SLUDGE
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Table 1 Variation of (a) viable cell and; (b) spore count during Bacillus thuringiensïs
growth in raw sludge (RS), ultrasonicated sludge (UlS), and Fenton oxidized
sludge (FS).

Time RS UIS FS

Cell Spore Cell Spore Cell Spore

0 7.10E+05 7.10E+05 7.10E+05

J 1.408+05 1.10E+06 3.208+06

6 1.00E+06 7.008+06 1.00E+07

9 3.50E+068.608+04 2.60F+07 3.88E+077.208+05

I2 6.00E+06 1.30E+064.00E+07 1.38E+081.368+06

15 T.328+01 1.61E+061.00E+083.348+06 1.60E+095.00E+06

18 2.428+08 3.228+06 2.428+08 5.728+06 2.378+09 1.628+01

2 l 4.00E+08 1.82E+086.20E+08 1.18E+075.108+091.28E+08

24 6.008+08 5.00E+08 1.238+09 1.09E+086.87E+094.68E+08

27 6.20E+085.40E+08 1.668+09 3.64E+086.50E+099.80E+08

30 1.208+08 5.90E+08 1.04E+095.30E+088.13E+091.82E+09

36 5.80E+085.56E+088.80E+084.70E+084.30E+092.TIE+09

48 5.00E+08 5.20E+081.08E+097.60E+083.84E+093.90E+09

72 5.28E+085.40E+089.30E+087.808+08 3.00E+093.38E+09
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ANNBXE II
INFLUENCE OF ULTRASONIFICATION AND FENTON OXIDATION
PRE.TREATMENT ON RHEOLOGICAL CHARACTERISTICS OF
WASTEWATER SLUDGE
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Table la Viscosity and shear stress (SS) vs. shear rate (SR) profiles of raw sludge (RS),
ultrasonicated sludge (UlS) and Fenton oxidized sludge (FS) at TS of 10 g/L

UISRS FS
Viscosity SS (Pa)
(mPa s)

0.00 0.00
0.00 0.00
0.00 0.00

20.00 0.t7
0.00 0.00
13.33 0.34
15.00 0.50
12.00 0.50
21.00  1 .18
1 6 . 8 0  1 . 1 8
16.00 r.34
13.7 |  | .34
12.00 1.34
10.66  r .34
9.60 1.34
8.73  1 .34
8.00 1.34
7.38  1 .34
6.86  1 .34
7.20  1 .51
6.75  1 .51
6.35  l .5 l
5 .33  r .34
5.05  1 .34
4.80  1 .34
4.00 1 .  18
3.27  1 .01
3 . 6 s  1 . 1 8
3.00  l .0 l
2.40 1.01
2.71  l .0 l
2 .67  l .0 l
2 . 1 4  1 . 0 1
2.07 0.84
2.00 0.84
1.94 0.84
1.87  0 .84
2. r8  0 .84

SR (s-r)

0.08
0 . 1 7
0.42
0.84
1.68
2.52
3.36
4.20
5.60
7.00
8.40
9.80
11.20
12.60
14.00
15.40
16.80
18.20
19.60
21.00
22.40
23.80
2s.20
26.60
28.00
29.40
30.80
32.20
33.60
35.00
36.40
37.80
39.20
40.60
42.00
43.40
44.80
46.20

Viscosity
(mPa s)
r37.97
75.98
42.79
20.19
12.70
10.26
9 . 1 0
8.28
7.29
6.84
6.30
5.90
5.55
5.28
5.09
4.90
4.12
4.57
4.44
4.32
4.20
4.09
3.99
3.91
3.83
3.7  5
3.69
3.66
3.65
3.64
3.62
3.59
3.51
3.55
3.52
3.48
3.48
3.46

SS (Pa)

0 . 1 2
0 . 1 3
0 . 1 8
0. r7
0.21
0.26
0.31
0.35
0.41
0.48
0.53
0.58
0.62
0.66
0.71
0.75
0.19
0.83
0.87
0.91
0.94
0.97
1.00
1.04
r .07
1 . 1 0
1 . 1 4
1 . 1 8
r .23
1.27
t . J z

r .36
1.40
1.44
1.48
l . 5 l
1 .56
1.60

Viscosity
(mPa s)
57.99
33.99
20.00
t2.40
8.60
6.33
5 . 1 5
4.40
3.90
3.50
3.22
3.02
2.91
2.80
1 1,1

2.68
2.61
2.51
2.s3
2.52
2.47
1 4 1

2.39
2.37
2.3s

2.30
2.28
2.30
z  - )+

2.39
2.43
2.47
2.50
2.52
2.55
2.56
2.59

SS (Pa)

0.0s
0.06
0.08
0 . 1 0
0.  l4
0 . 1 6
0 . 1 7
0 . 1 8
0.22
0.25
0.27
0.30
0.33
0.35
0.38
0.41
0.44
0.41
0.50
0.53
0.55
0.58
0.60
0.63
0.66
0.68
0.11
0.74
0.77
0.82
0.87
0.92
0.97
l . 0 l
r .06
1 . l l
l . l 5
1 .20
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Table lb Viscosity and shear stress (SS) vs. shear rate (SR) proliles of raw sludge (RS),
ultrasonicated sludge (UlS) and Fenton oxidized sludge (FS) at TS of 20 g/L

FSUISRS
SR (s-r)

0.08
0 . 1 7
0.42
0.84
1.68
2.52
3.36
4.20
5.60
7.00
8.40
9.80
r1.20
12.60
14.00
15.40
16.80
18.20
19.60
21.00
22.40
23.80
25.20
26.60
28.00
29.40
30.80
32.20
33.60
35.00
36.40
37.80
39.20
40.60
42.00
43.40
44.80
46.20

Viscosity
(mPa s)

0.00
0.00
0.00
20.00
29.99
s9.99
54.99
s9.99
56.99
50.39
43.99
42.8s
40.49
37.33
34.79
33.81
31.99
30.46
29.14
27.19
26.24
24.70
23.99
23.36
22.80
22.85
22.36
21.9r
21.50
20.64
20.30
20.00
19.71
19.03
18.40
1 8 . 1 9
17.62
r7.09

SS (Pa)

0.00
0.00
0.00
0 . 1 7
0.50
1 . 5 1
1.85
2.52
3. r9
3.53
3.70
4.20
4.54
4.70
4.87
5.21
5.37
5.54
5.71
5.71
5.88
5.88
6.05
6.21
6.38
6.72
6.89
7.0s
7.22
7.22
7.39
7.56
7.73
7.73
7.73
7.89
7.89
7.89

Viscosity
(mPa s)

0.00
0.00
0.00
59.99
49.99
46.66
39.99
39.99
32.99
28.79
25.99
23.99
21.00
21.33
19.20
18.s4
17.00
15.69
t4.57
15.20
14.25
12.70
12.66
12.63
I 1 . 4 0
11.43
12.00
10.95
l 1.00
10.56
1 0 . 1 5
9.78
9.43
9.52
9.20
8.36
8.2s
8.  13

SS (Pa)

0.00
0.00
0.00
0.50
0.84
l . l 8
1 .34
1.68
l 85
2.02
2 . t 8
2.35
2.35
2.69
2.69
2.86
2.86
2.86
2.86
3 .  l 9
3 .  l 9
3.02
3 . 1 9
3.36
3 . r 9
3 .36
3.70
3.s3
3.70
3.70
3.70
3.70
3.70
3.86
3.86
3.53
3.70
3.86

Viscosity
(mPa s)

0.00
0.00
0.00
59.99
39.99
s3.32
49.99
47.99
44.99
43.19
37.99
35.99
31.49
31.99
29.99
28.36
27.99
2s.84
23.99
23.99
22.50
21.17
20.00
18.94
18.00
t '7.71
t7.45
15.65
15.50
14.88
14.30
13.77
12.85
12.41
12.00
11.22
10.87
10.54

SS (Pa)

0.00
0.00
0.00
0.50
0.67
1.34
1.68
2.02
2.52
3.02
3 . t 9
3 .53
3.53
4.03
4.20
4.37
4.70
4.70
4.70
5.04
5.04
s.04
5.04
5.04
5.04
5.21
5.37
5.04
s .2 l
5 .21
5.21
5.21
5.04
5.04
5.04
4.87
4.87
4.87
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Table lc Viscosity and shear stress (SS) vs. shear rate (SR) profiles of raw sludge (RS),
ultrasonicated sludge (UlS) and Fenton oxidized sludge (FS) at TS of 25 gtL

FSUISRS
SR (s-t)

0.08
0 . 1 7
0.42
0.84
1.68
2.52
3.36
4.20
5.60
7.00
8.40
9.80
11.20
12.60
14.00
15.40
16.80
18.20
19.60
21.00
22.40
23.80
25.20
26.60
28.00
29.40
30.80
32.20
33.60
35.00
36.40
37.80
39.20
40.60
42.00
43.40
44.80
46.20

Viscosity
(mPa s)
s99.87
299.94
1s9.97
119.97
99.98
r79.96
r99.96
203.96
182.96
163.17
r45.97
133.69
124.47
l 1 5 . 9 8
109.18
t02.52
97.98
92.29
88.27
83.98
80.98
76.92
73.98
70.72
68.99
66.27
64.35
63.t2
61.49
59.51
58.  l4
56.88
55.27
53.78
52.79
51.47
50.61
49.81

SS (Pa)

0.50
0.50
0.67
1 . 0 1
1.68
4.54
6.72
8.57
10.2s
tI.42
12.26
1 3 . 1 0
13.94
14.61
15.28
15.79
16.46
16.80
1'7.30
17.64
I  8 . 1 4
1 8 . 3 1
18.64
I  8 .81
19.32
19.48
19.82
20.32
20.66
20.83
21.16
21.s0
21.67
2t .84
22.17
22.34
22.68
23.01

Viscosity
(mPa s)

0.00
0.00
39.99
20.00
29.99
26.66
29.99
39.99
44.99
50.39
s9.99
56.s6
50.99
49.32
46.79
42.s4
41.99
38.76
36.85
34.39
32.99
3 1 . 0 5
30.66
29.0s
28.19
26.85
2 6 . r 8
25.04
23.99
23.04
22.1s
21.33
20.57
19.86
t9.20
19.35
18.75
1 8 . 1 8

SS (Pa)

0.00
0.00
0 . r 7
0 . 1 7
0.50
0.67
1 . 0 1
1.68
2.52
J . ) J

5.04
5.54
5 . 7 r
6 .21
6.55
6.55
7.05
7.05
7.22
7.22
7.39
7.39
7.73
7.73
7.89
7.89
8.06
8.06
8.06
8.06
8.06
8.06
8.06
8.06
8.06
8.40
8.40
8.40

Viscosity
(mPa s)

0.00
0.00
39.99
20.00
20.00
20.00
24.99
31.99
32.99
38.39
51.99
51.42
47.99
45.32
41.99
39.26
36.99
3s.99
34.28
32.79
31.49
30.35
29.33
27.78
26.99
26.28
25.09
24.52
23.99
23.04
22.61
21.17
20.57
20.69
20.40
t9.3s
19.12
19.21

SS (Pa)

0.00
0.00
0 . r 7
0 . 1 7
0.34
0.50
0.84
1.34
t . 6 )
2.69
4.37
5.04
5.37
5.71
5.88
6.05
6.21
ô. ) )
6.72
6.89
7.0s
7.22
7.39
7.39
7.s6
7.73
7.73
7.89
8.06
8.06
8.23
8.23
8.06
8.40
8.57
8.40
8.51
8.90
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Table Ld Viscosity and shear stress (SS) vs. shear rate (SR) profiles of raw sludge (RS),
ultrasonicated sludge (UlS) and Fenton oxidized sludge (FS) at TS of 30 g/L

SR (s-')

0.08
0 . 1 7
0.42
0.84
1.68
2.52
3.36
4.20
5.60
7.00
8.40
9.80
11.20
12.60
14.00
15.40
16.80
18.20
19.60
2t .00
22.40
23.80
25.20
26.60
28.00
29.40
30.80
32.20
33.60
35.00
36.40
37.80
39.20
40.60
42.00
43.40
44.80
46.20

Viscosity
(mPa s)
1199.74
s99.87
279.94
159.97
129.97
253.28
244.95
227.95
r97.96
172.76
153.97
140.54
128.97
t z t . 3 l
112.78
106.89
99.98
95.06
89.12
84.78
80.98
78.34
75.98
't2.62

70.19
67.41
65.44
64.16
61.99
59.99
58.60
57.32
55.70
54.20
52.79
5 l . 8 6
50.61
49.81

SS (Pa)

1 . 0 1
1 . 0 1
l . l 8
r .34
2 . 1 8
6.38
8.23
9.57
I 1.09
12.09
t2.93
13.77
t4.44
15.28
15.79
16.46
16.80
r7.30
r7.47
17.80
l  8 . 1 4
18.64
I  9 . 1 5
19.32
19.65
19.82
20.16
20.66
20.83
2r.00
2r .33
2r.67
21.84
22.00
22.17
22.51
22.68
23.01

Viscosity
(mPa s)
r99.96
99.98
119.97
79.98
rr9.97
146.64
r39.97
r27.97
I 1 0 . 9 8
93.s8
83.98
75.41
70.49
65.32
6 t . r 9
55.62
52.99
48.91
46.28
45.59
43.49
42.34
40.66
38.52
37.79
35.99
34.90
33.9r
32.49
30.7r
29.53
28.88
27.85
26.89
25.99
2 s . 1 6
24.74
24.36

SS (Pa)

0 .17
0 . r 7
0.50
0.67
2.02
3.70
4.70
5.37
6.21
6.55
7.05
7.39
7.89
8.23
8.5',1
8.57
8.90
8.90
9.07
9.57
9.74
10.08
10.25
t0.25
10.58
10.58
10.75
10.92
r0.92
r0.75
10.75
10.92
10.92
r0.92
10.92
10.92
I  1 .09
11.25

UISRS FS
Viscosity SS (Pa)
(mPa s)
399.91 0.34
199.96 0.34
1s9.97 0.67
139.97 l . l8
99.98 1.68
153.30 3.86
139.97 4.70
135.97 5.7r
I16 .98  6 .55
103.18  7 .22
9l .98 7 .73
83.98 8.23
77.98 8.73
73.32 9.24
67 .19  9 .41
64.35 9.91
58.99 9.9r
57.22 10.41
53.99 10.58
5r.99 10.92
48.74 10.92
46.58 l  1.09
45.32 11.42
44.20 rr.76
41.99 rr.76
42.28 12.43
40.36 12.43
38.60 12.43
37.99 12.77
36.95 12.93
35.99  13 .10
34.66 13.10
33.42 13.10
32.68 13.27
31.99 13.44
30.96 13.44
30.37 13.61
29.45 t3.61
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Table le Viscosity and shear stress (SS) vs. shear rate (SR) profïles of raw sludge (RS),
ultrasonicated sludge (UlS) and Fenton oxidized sludge (FS) at TS of 40 gtL

RS
Viscosity
(mPa s)

1399.70
799.83
399.9r
299.94
289.94
566.55
519.89
463.90
392.92
343.13
303.94
277.66
256.45
238.62
224.35
2r1.59
r99.96
1 89 .1  9
119.10
170.36
r62.72
r55.91
t49.91
143.97
138.57
133.69
128.70
123.63
119.47
1t6.14
1 1 3 . 0 s
r 09.31
106.26
103.01
100.78
98.30
95.98
93.80

SS (Pa)

l . l 8
r .34
1.68
2.s2
4.87

14.28
17.41
19.48
22.00
24.02
25.53
27.21
28.72
30.07
31.41
32.59
33.59
34.43
3 5 . 1 0
35.78
36.45
37.12
37.79
38.30
38.80
39.30
39.64
39.81
40.14
40.6s
41.|s
4 t .32
41.66
41.82
42.33
42.66
43.00
+ J . J J

Viscosity
(mPa s)

s99.87
199.96
r59.97
r39.97
149.97
286.6r
269.94
239.95
209.96
t77.56
1s3.97
138.83
127.41
118.64
t12 .78
105.80
98.98
94.t3
89.12
84.78
80.98
76.92
13.98
70.72
67.79
65.70
63.80
62.07
60.49
58.55
s6.76
55.54
s3.99
5 1  . 7 1
49.99
49.|s
47.61
46.17

SS (Pa)

0.34
0.50
0.67
1 . 1 8
2.52
7.22
9.07

10.08
tI .76
t2.43
12.93
1 3 . 6 1
14.28
14.95
15.79
16.29
r6.63
17. t3
17.47
17.80
1 8 . 1 4
r 8 . 3 I
r8.64
1 8 . 8 1
18.98
19.32
19.65
19.99
20.32
20.49
20.66
21.00
2 t . 1 6
21.00
21.00
21.33
a 1  a t
z t - ) J

2 1 . 3 3

Viscosity
(mPa s)

399.9r
199.96
r99.96
r59.97
269.94
3t3 .27
264.94
243.95
206.96
184.76
165.96
150.83
r37.97
r30.64
rr9.97
rt3.43
106.98
100.59
95.r2
89.58
85.48
82.57
79.32
77.67
74.38
72.s6
69.80
67.29
65.49
63.83
62.29
60.43
58.70
57.92
56.39
55.34
53.61
52.72

SS (Pa)

0.34
0.34
0.84
1.34
4.54
7.89
8.90

10.25
1 1 .59
t2.93
13.94
14.78
15.4s
r6.46
16.80
17.47
17.97
18.3  I
18 .64
I  8 .81
I  9 . 1 5
19.6s
19.99
20.66
20.83
a 1  a 1
Z L . J J

21.s0
21.67
22.00
22.34
22.68
22.84
23.01
23.s2
23.68
24.02
24.02
24.35

FSUS
SR (s-1)

0.08
0 . 1 7
0.42
0.84
1.68
2.s2
3.36
4.20
5.60
7.00
8.40
9.80

11.20
12.60
14.00
15.40
16.80
18.20
19.60
21.00
22.40
23.80
25.20
26.60
28.00
29.40
30.80
32.20
33.60
3s.00
36.40
37.80
39.20
40.60
42.00
43.40
44.80
46.20
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Table 2 Thixotropic behaviour of raw sludge (RS), ultrasonicated sludge (UlS) and
Fenton oxidized sludge (FS) at TS 0f 25 glL

Time (min)

6.00
t2.00
18.00
24.00
30.00
36.00
42.00
48.00
54.00
60.00
66.00
12.00
78.00
84.00
90.00
96.00
102.00
r08.00
114.00

Viscosity (mPa s)
UIS

rsg.97
1s9.91
139.97
rr9.97
rr9.97
t19.97
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98
99.98

RS
279.94
279.94
2s9.94
2s9.94
2r9.95
2r9.95
r99.96
r79.96
179.96
r79.96
119.96
179.96
119.96
t59.97
r59.97
1s9.97
r59.91
rsg.97
r59.91

FS
rr9.97
99.98
99.98
99.98
99.98
rr9.97
rr9.97
rr9.9l
trg.97
rr9.97
rr9.97
99.98
99.98
99.98
99.98
99.98
99.98
79.98
79.98
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Table 3 Evolution of viscosity as function of solids concentration and pre-treatment
processes

TS (g/L) 
RS 

viscositY(mPa s) 
FS

10 2.89 2.sI  2.69
20 14.85 8. t7 4.94
25 78.65 7230 37.91
30 I 19.06 98.3 1 5s.82
40 359.76 199.21 108.31

Table 4 Evolution of Power model parameters (consistency and flow index) as a
function of solids concentration and pre-treatment processes of raw sludge
(RS), ultrasonicated sludge (UlS), and Fenton oxidized sludge (FS)

TS, g/L
K

UIS
2s.6
65.2
92.6
163 .1
620.4

n

UIS
0.6
0.6
0.6
0.6
0.6

10
20
25
30
40

RS
42.4
T14.3
T87.7
542.4
I  188.0

FS
52.5
9s.9
1,65.4
22r .4
317.9

RS
0.5
0.5
0.5
0.4
0.4

FS
0.6
0.6
0.6
0.6
0.6
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Table 5a Volume frequency (FD) and cumulative (CFD) particle size distribution of
raw sludge (RS), ultrasonicated sludge (UlS) and Fenton oxidized sludge (FS)
at TS of 10 g/L

Particle
size (pm)

0.16
0 . 1 8
0 . 1 9
0.20
0.21
0.23
0.24
0.26
0.28
0.30
0.31
0.34
0.36
0.38
0.41
0.44
0.46
0.50
0.53
0.56
0.60
0.64
0.69
0.73
0.78
0.83
0.89
0.95
l .0 l
1.08
r . l 5
t .23
l . 3 l
1.40
1.49
1.59
1.70
t . 8 l
r .93
2.06
2.20

RS UIS FS

FD
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.04
0.04
0.05
0.06
0.06
0.07
0.08
0.08
0.08
0.09
0.09
0.09
0 . 1 0
0 . 1 0
0 . 1 0
0 . 1 1
0 . 1 1
0 . 1 I
0 . 1 2
0.12
0.r2
0 . r2
0.  l3
0 . 1 3
0.14

CFD
0.01
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0 . 1 0
0 . 1 I
0 . 1 3
0 . 1 6
0 . 1 8
0.21
0.25
0.29
0.33
0.38
0.44
0.51
0.58
0.65
0.73
0.82
0.90
1.00
1.09
1 . 1 9
r.29
1.39
1.50
l . 6 l
1 .72
1.84
1.95
2.07
2.20
2.33
2.46
2.60

FD
0.03
0.03
0.04
0.04
0.04
0.04
0.05
0.06
0.06
0.07
0.09
0.10
0. t2
0 .14
0 . 1 6
0 . 1 8
0.21
0.24
0.26
0.30
0.33
0.36
0.38
0.41
0.43
0.46
0.48
0.51
0.54
0.5'7
0.59
0.62
0.65
0.68
0.71
0.73
0.75
0.77
0.79
0.81
0.83

CFD
0.03
0.07
0.10
0.14
0 . 1 8
0.22
0.27
0.33
0.39
0.47
0.56
0.66
0.78
0.92
1.08
1.26
1.47
t . 7 l
1 .98
2.27
2.60
2.95
3.34
3.75
4 . 1 8
4.64
5 . 1 2
5.62
6.16
6.',|3
7.32
7.94
8.60
9.28
9.98
t0.71
11.46
t2.23
13.01
t3.82
14.65

FD
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.05
0.05
0.05
0.06
0.06
0.06
0.07
0.07
0.07

CFD
0.02
0.03
0.05
0.07
0.09
0.  l0
0 . 1 2
0.14
0 . 1 6
0 . 1 8
0.20
0.22
0.24
0.27
0.29
0.32
0.34
0.37
0.40
0.43
0.45
0.48
0.51
0.54
0.57
0.60
0.63
0.66
0.70
0.74
0.78
0.82
0.87
0.92
0.97
1.03
1.09
l . l 5
1.22
1.29
1.37
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Particle
size (pm)

2.35
2.s0
2.67
2.8s
3.04
3.24
3.46
3.69
3.94
4.20
4.48
4.78
5 . 1 0
5.44
5 . 8 1
6.20
6.6r
7.05
7.53
8.03
8.57
9 . 1 4
9.15

10.41
I  1 . 1 0
I  1 .84
12.64
13.48
t4.39
15.35
16.37
17.47
r8.64
19.89
2t .22
22.64
24. t5
25.77
27.49
29.33
31.29
33.39

CFD
2.14
2.89
3.05
3.22
3.39
3.58
3.78
3.98
4.20
4.44
4.69
4.96
5.24
5.55
s .89
6.26
6.68
7 . 1 4
7.65
8.23
8.89
9.63

10.49
11.49
12.6s
14.00
15.57
l t . J t

t9.41
21.67
24. t5
26.79
29.57
32.41
35.26
38.08
40.80
43.44
46.05
48.69
) t . 5  |

54.09

UIS

FD
0.85
0.87
0.89
0.91
0.94
0.95
0.91
0.99
1.00
t .02
1.04
1.07
l . l 0
l . l 4
l . l 9
t .24
1.30
t  - )  I

1.44
1 . 5 2
1 . 6 1
1 . 7 1
1.82
1.96
2 . 1 1
2.2',1
2.43
2.57
2.10
2.78
2.83
2.83
2.18
2.67
2.52
Z . J  J

2 . t 2
1 .93
1.80
1 . 7 1
1 . 6 1
1.50

15.s0
16.37
r7 .26
1 8 . 1 7
1 9 . 1 1
20.06
2r .03
22.02
23.02
24.04
25.08
26.15
27.25
28.39
29.s8
30.82
3 2 . 1 3
33.50
34.94
36.47
38.08
39.78
41.61
43.57
45.67
47.94
50.37
52.94
55.64
58.42
61.2s
64.08
66.86
69.s3
12.05
74.38
76.51
78.44
80.24
8 1 . 9 5
83.56
8s.07

RS FS

FD CFD
0.08 1.44
0.08  1 .52
0.08  1 .61
0.09 1.10
0.09 | .19
0 . 1 0  1 . 8 9
0. l  l  2.00
0 . 1  I  2 . 1 1
0. r2  2 .23
0.13  2 .31
0.14  2 .51
0.15  2 .66
0.17  2 .83
0 . 1 8  3 . 0 1
0.20 3.20
0.22 3.42
0.25 3.67
0.28 3.95
0.31 4.26
0.36 4.62
0.41 5.03
0.46 5.49
0.53 6.03
0.62 6.65
0.72 7.36
0.84 8.20
0.98  9 .18
t. t4 10.32
1.30 rr .62
1 . 4 8  1 3 . 1 0
r.66 14.77
1.84 16.61
1.99  18 .60
2.12 20.72
2.21 22.93
2.26 2s.19
2.25 27.44
2.21 29.65
2.21  31 .86
2.24 34.10
2.21 36.31
2.04 38.3s

FD
0.  l4
0 . 1 5
0 . 1 6
0 . 1 7
0 . 1 8
0 . 1 9
0.20
0.21
0.22
0.23
0.25
0.27
0.29
0 . 3 1
0.34
0.37
0.41
0.46
0.52
0.58
0.65
0.74
0.86
1.00
t . t 6
1 .35
t .57
1.80
2.04
2.27
2.47
2.6s
2.77
2.84
2.8s
2 . 8 1
2.73
2.64
2.61
2.64
2.69
2.72
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Particle
size (pm)

35.62
38.01
40.55
43.26
46.16
49.25
52.54
56.06
59.81
63.81
68.08
72.64
77.50
82.68
88.22
94.12

r00.42
r07.14
I14 .30
12r.95
130. l  I
138.82
148.1 I
158.02
168.59
179.87
l 9 l . 9 l
204.75
218.45
233.07
248.67
265.31
283.06
302.00
322.2r
343.77
366.77
39r.32
4r7 .50
445.44
475.24

FD
2.74
2.81
2.93
3.09
3.24
3.35
3.44
3.49
3.52
3.47
3.30
3.00
2.54
1.98
1.40
0.87
0.46
0.20
0.07
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

CFD
s6.83
s9.64
62.57
65.66
68.90
72.25
75.69
79.18
82.70
86.17
89.46
92.46
95.00
96.98
98.38
99.24
99.70
99.90
99.97
99.99

100.00
100.00
r00.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

urs

FD
1.39
l . 3 l
1 .26
1.23
l . l 9
t . t 4
r.07
0.98
0.89
0.80
0.70
0.60
0.51
0.42
0.33
0.25
0 . 1 9
0 . 1 3
0.09
0.06
0.04
0.02
0.02
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.02
0.03
0.04
0.05
0.05
0.04
0.02

86.46
87.77
89.03
90.27
91.46
92.59
93.66
94.64
95.53
96.32
97.02
97.62
98.r3
98.54
98.88
99.r3
99.32
99.45
99.53
99.s9
99.63
99.65
99.67
99.68
99.68
99.69
99.69
99.70
99.70
99.71
99.71
99.72
99.73
99.'74
99.76
99.78
99.83
99.88
99.94
99.98

100.00

FD
1.84
t.76
1.84
2.05
2.24
2.3r
2.28
2.23
2.21
2.22
2.24
2.28
2 . 3 1
z -33

2.34
2.33
2.29
2.21
2.06
1.93
1.82
1.68
1.52
1.39
1.30
r.25
t.22
t .2 l
1 .22
1.23
t . l 4
0.89
0.62
0.43
0.33
0.26
0.21
0.  l6
0.r4
0 . 1 5
0 . 1 6

CFD
40.20
41.95
43.80
45.85
48.09
50.40
52.68
54.91
57. r2
59.34
61.57
63.85
66. l5
68.48
70.82
7 3 . 1 5
75.44
77.65
79.71
81.64
83.47
8 5 . 1 5
86.67
88.06
89.37
90.62
91.84
93.05
94.27
95.51
96.64
97.54
98.16
98.59
98.91
99.1  8
99.38
99.55
99.69
99.84

100.00

FSRS
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Table 5b Volume frequency (FD) and cumulative (CFD) particle size distribution of
raw sludge (RS), ultrasonicated sludge (UlS) and Fenton oxidized sludge (FS)
at TS of 20 glL

Particle
size (pm)

0 . 1 6
0 . 1 8
0 . 1 9
0.20
0.21
0.23
0.24
0.26
0.28
0.30
0.31
0.34
0.36
0.38
0.41
0.44
0.46
0.50
0.53
0.56
0.60
0.64
0.69
0.73
0.78
0.83
0.89
0.95
1 . 0 1
1.08
1 . 1 5
I . Z J

1 . 3 1
1.40
t.49
1.59
1.70
1  . 8 1
1.93
2.06
2.20

RS UIS FS

FD
0.01
0.02
0.04
0.05
0.06
0.08
0 . 1 0
0 . 1  1
0 . 1 3
0 . 1 5
0 . 1 7
0.20
0.22
0.2s
0.29
0.32
0.36
0.41
0.4s
0.51
0.56
0.62
0.68
0.75
0.82
0.89
0.96
1.03
l . 1 l
1 . 1 9
1.27
1 . 3 5
1.44
1.53
1.62
1.72
r .82
1.92
2.04
2 . 1 5
2.28

CFD
0.08
0 . 1 6
0.24
0.33
0.42
0.s2
0.62
0.73
0.84
0.91
l . l  l
1 .26
1.42
1 . 6 1
1.80
2.02
2.26
2.s l
2.78
3.08
3.40
3.74
4 . 1 0
4.48
4.88
s.29
5.73
6 . 1 7
6.64
7 . 1 3
7.64
8 . 1 8
8.74
9.33
9.95
r0.60
11.27
I  1 .96
12.68
13.42
t4 .19

FD
0.02
0.04
0.06
0.07
0.09
0 . 1  I
0 . 1 3
0 . 1 5
0 . t 7
0 . 1 9
0.21
0.24
0.26
0.29
0.31
0.34
0.37
0.40
0.43
0.47
0.50
0.54
0.57
0.61
0.64
0.68
0.72
0.76
0.80
0.84
0.89
0.94
0.99
1.04
1 . 1 0
l . t 7
1 .23
1.30
1 . 3 8
1.46
1.54

0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.04
0.04
0.04
0.05
0.05
0.06
0.06
0.06
0.07
0.07
0.07
0.07
0.07
0.08
0.08
0.08
0.08
0.09
0.09
0.09
0 . 1 0
0 . 1 0
0 . 1 1
0 . 1 1
0 . 1 2
0 . 1 2

FD
0.08
0.08
0.08
0.09
0.09
0 . 1 0
0 . 1 0
0 . 1  I
0 . 1 2
0 . 1 3
0.  l4
0 . 1 5
0 . r 7
0 . 1 8
0.20
0.22
0.23
0.25
0.27
0.30
0.32
0.34
0.36
0.38
0.40
0.42
0.43
0.4s
0.47
0.49
0 . 5 1
0.53
0.56
0.59
0.62
0.64
0.67
0.69
0.72
0.74
0.77

CFD
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.05
0.05
0.06
0.06
0.06
0.07
0.07
0.07
0.08
0.08
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Particle
size (pm)

2.35
2.50
2.67
2.85
3.04
3.24
3.46
3.69
3.94
4.20
4.48
4.78
5.  l0
5.44
5.81
6.20
6.61
7.05
7.53
8.03
8.57
9 . 1 4
9.75
10.41
I  1 . 1 0
I  1 .84
12.64
13.48
14.39
15.35
16.37
17.47
18.64
19.89
21.22
22.64
24.t5
25.77
27.49
29.33
31.29
33.39

RS uls FS

FD
2.41
2.s4
2.68
2.83
2.99
3 . 1 6
3.34
3.52
3.72
3.93
4 . 1 5
4.39
4.64
4.92
5.22
5.55
5.92
6.33
6.80
7.34
7.95
8.65
9.46
10.40
tl.49
12.77
14.26
r5.96
r7.89
20.04
22.38
24.89
27.53
30.23
32.95
35.65
38.28
40.84
43.40
46.01
48.69
51.43

CFD
14.98
15.79
16.63
17.49
18.37
19.27
20.20
2 t . 1 4
2 2 . 1 r
23 .10
24.11
2 5 . 1 3
26. r8
27.26
28.37
29.53
30.74
32.02
33.36
34.79
36.31
37.94
39.70
41.62
43.71
45.99
48.46
5 l .08
53.83
56.67
59.56
62.46
65.31
68.07
70.69
73.14
75.41
77.50
79.48
81.38
83.19
84.88

FD
1.62
t . 7 l
l . 8 l
1 . 9 1
2.0r
2 . 1 2
2.24
2.36
2.49
2.63
2.78
2.95
3 . 1 2
J . J  I

3.52
3.75
4.00
4.29
4.61
4.97
s .39
5.86
6.41
7.03
7.76
8.61
9.59
t0.72
12.02
13.48
1 5 . 1 0
16.89
I  8 .81
20.84
22.95
25.09
27.21
29.29
3r.37
33.48
35.56
37.50

0 . 1 3
0 . 1 4
0.14
0 . 1 5
0 . 1 6
0 . 1 7
0 . 1 8
0 . 1 9
0.20
0.21
0.22
0.24
0.25
0.27
0.30
0.33
0.37
0.42
0.47
0.54
0.61
0.70
0.81
0.94
l . l 0
1 .28
t.49
r .7 |
1.93
2. ts
2.34
2.51
2.63
2.70
2.72
2.69
2.63
2.56
2.56
2.61
2.68
2.73

FD
0.79
0.81
0.84
0.86
0.88
0.90
0.93
0.95
0.97
0.99
1 . 0 1
1.03
1.05
1.08
l . l l
t . t 6
t . 2 l
1 .27
1.35
1.43
1.52
1.63
1.76
1.92
2.09
2.28
2.46
2.62
2.75
2.84
2.89
2.90
2.85
2.'76
2.62
2.45
2.27
2.09
1.97
l . 9 l
1 . 8 1
1.69

CFD
0.09
0.09
0.09
0 . 1 0
0 . 1 0
0 . 1 1
0.12
0.12
0 . 1 3
0.14
0 . 1 5
0 . 1 6
0 . r 7
0 .19
0.21
0.23
0.25
0.29
0.32
0.37
0.41
0.47
0.54
0.63
0.73
0.85
0.98
1 . 1 3
r.29
t.46
1.63
r .79
1.92
2.03
2 . t l
2 . 1 4
2 . t 2
2.08
2.08
2 . t l
2.08
1.94
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Particle
size (pm)

35.62
38.01
40.55
43.26
46. t6
49.25
52.54
56.06
59.81
63.8  I
68.08
72.64
77.50
82.68
88.22
94.12
r00.42
101.14
1 1 4 . 3 0
121.95
l 3 0 . l l
138 .82
1 4 8 . 1 1
158.02
168.59
r79.81
l 9 l . 9 l
204.75
218.4s
233.07
248.67
26s.31
283.06
302.00
322.21
343.77
366.77
391.32
417.s0
44s.44
475.24

RS UIS FS

FD
54.20
57.05
60.02
63.14
66.41
69.81
/  J . J J

76.94
80.62
84.29
87.83
9 l . l  I
93.94
96.21
97.88
98.96
99.56
99.84
99.95
99.99
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00

CFD
86.44
87.87
89.22
90.50
9r.69
92.80
93.82
94.13
95.56
96.29
96.93
97.47
97.93
98.30
98.59
98.82
98.98
99.1  0
99.r9
99.25
99.30
99.34
99.36
99.39
99.41
99.43
99.45
99.47
99.49
99.s|
99.53
99.s6
99.58
99.61
99.65
99.71
99.78
99.86
99.92
99.97
100.00

FD
39.26
40.94
42.71
44.68
46.84
49.08
5 1 . 3 0
53.47
55.65
57.85
60. l0
62.38
64.70
67.02
69.32
7 1 . 5 8
73.77
7s.86
77.78
79.54
8 1 . 1 7
82.66
84.00
85.25
86.46
87.69
88.99
90.42
92.03
93.83
9s.62
97.06
98.04
98.65
99.05
99.32
99.49
99.62
99.73
99.85
100.00

2.77
2.8s
2.97
3 . 1 3
3.27
3.40
3.52
3.61
3.68
3.67
3.54
3.28
2.83
2.27
1 . 6 7
1.08
0.60
0.28
0 . 1  I
0.04
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

FD
1.55
1.44
1.35
1.28
r .20
1 . l l
1 . 0 1
0.92
0.83
0.73
0.64
0.54
0.46
0.37
0.29
0.22
0 . t 7
0 . 1 2
0.09
0.06
0.05
0.04
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.04
0.06
0.07
0.07
0.07
0.05
0.03

CFD
1.76
1.68
1.77
1.97
2 . r 6
2.24
2.22
2 . t 8
2 . 1 7
2.21
2.24
2.29
2.32
2.32
2.30
2.26
2.20
2.09
l . 9 l
1 .16
r .63
1.48
1.35
t .2s
t . 2 l
1 .23
1.30
1.43
l . 6 l
r .80
1 . 7 8
t.45
0.98
0.61
0.40
0.27
0 . 1 8
0 . 1 3
0 . 1  I
0 . r 2
0 . 1 5
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Table 5c Volume frequency (FD) and cumulative (CFD)
raw sludge (RS), ultrasonicated sludge (UlS) and
at TS of 25 gtL

particle size distribution of
Fenton oxidized sludge (FS)

Particle
size (pm)

0.16
0 . 1 8
0 . 1 9
0.20
0.2r
0.23
0.24
0.26
0.28
0.30
0.31
0.34
0.36
0.38
0.41
0.44
0.46
0.50
0.53
0.56
0.60
0.64
0.69
0.73
0.78
0.83
0.89
0.95
r .0 l
1.08
0 . 1 5
1.23
1 . 3 1
1.40
r.49
r .59
t .70
l . 8 l
1.93
2.06

RS

CFD
0.03
0.06
0.09
0 . 1 2
0 . 1 6
0.20
0.24
0.29
0.35
0.42
0.51
0.60
0.72
0.85
l . 0 l
1 . 1 9
t .39
t.62
1.88
2 . 1 7
2.49
2.83
3.21
3.60
4.02
4.46
4.92
5.41
5.94
6.49
7.08
7.69
8.34
9.02
9.72
10.45
rt .20
11.97
r2.77
13.59

UIS FS

FDFD
0.02
0.03
0.05
0.07
0.09
0.  l0
0 . 1 2
0.14
0 . 1 6
0 . 1 9
0.21
0.23
0.26
0.29
0.32
0.36
0.40
0.44
0.48
0.53
0.58
0.63
0.69
0.74
0.80
0.85
0.91
0.97
1.03
1.09
l. l6
t .23
1.30
1.37
1.45
1.54
r .63
1.72
r.82
r.92

0.01
0.03
0.04
0.05
0.07
0.08
0 . 1 0
0.12
0.14
0.16
0 . 1 8
0.21
0.23
0.26
0.29
0.33
0.37
0.41
0.45
0.49
0.54
0.59
0.63
0.68
0.74
0.79
0.84
0.89
0.95
L00
1.06
t . t 2
l . l 8
t .25
1.32
1.39
1.47
1.55
1.63
1.72

0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.04
0.05
0.05
0.0s
0.0s
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.07
0.07
0.07
0.08
0.08
0.08
0.09
0.09
0 . 1 0
0 . 1 0

FD
0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.05
0.06
0.07
0.08
0 . 1 0
0 . 1 I
0 . 1 3
0.16
0 . 1 8
0.20
0.23
0.26
0.29
0.32
0.35
0.37
0.40
0.42
0.44
0.46
0.49
0.52
0.56
0.59
0.62
0.65
0.68
0.70
0.73
0.75
0.77
0.80
0.82

CFD
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.04
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.06
0.06
0.06
0.06
0.07
0.07
0.07
0.08
0.08
0.08
0.09
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Particle
size (pm)

2.3s
2.s0
2.67
2.85
3.04
3.24
5 .+O

3.69
3.94
4.20
4.48
4.78
5 .  l 0
5.44
5 . 8 1
6.20
6.61
7.05
7.53
8.03
8.57
9 . 1 4
9.75
10.41
I 1 . 1 0
I  1 .84
12.64
13.48
14.39
15.35
16.37
17.47
18.64
19.89
21.22
22.64
24.15
25.77
27.49
29.33
31.29

RS UIS FS

FD
2 . 1 4
2.26
2.39
2.52
2.66
2.81
2.97
3 . 1 4
J . J Z

3 . s  I
3.72
3.94
4 . 1 8
4.43
A 1.)

5.03
5.38
5.77
6.21
6.71
7.27
7.92
8.65
9.51
r0.49
11.63
12.9s
14.45
l  6 . 1 3
r7.99
20.02
22.17
24.43
26.74
29.06
3 1 . 3 5
33.59
35.77
37.95
40.1  8
42.4s

CFD
15.29
1 6 . 1 8
17.10
18.04
19.01
20.00
21.02
22.06
23.12
24.21
25.32
26.45
21.62
28.82
30.07
3 1 . 3 6
32.72
34.t4
35.63
37.20
38.85
40.62
42.50
44.53
46.70
49.02
51.49
s4.09
56.78
59.51
62.25
64.93
67.51
69.94
72.19
t + . 23

76.07
77.73
79.26
80.72
82.1  I

FD
l . 9 l
2 .01
2 . t l
2.22
z - ) )

2.45
2.58
2.11
2.85
3.00
3 . 1 6
3.34
3.52
3.72
3.95
4 . 1 9
4.46
4.76
5 . 1 0
5.48
5.90
6.39
6.94
1.57
8.30
9 . 1 5
10.  l3
11.26
12.s3
13.97
15.56
17.29
19.14
21.09
2 3 . 1 1
2 5 . l s
27 .19
29.21
31.23
33.30
35.34

0 . 1  I
0 . 1 2
0 . 1 3
0 . 1 3
0.  l4
0 . 1 5
0 . 1 6
0 . r 7
0 . 1 8
0 . 1 9
0.21
0.22
0.24
0.26
0.28
0.31
0.35
0.39
0.44
0.50
0.57
0.64
0.74
0.8s
0.99
r . t4
1.32
1.50
1.68
1.86
2.02
2 . 1 6
2.2s
2 . 3 1
2.32
2.29
2.24
2 . 1 8
2 . 1 8
2.22
2.27

FD
0.86
0.89
0.92
0.94
0.91
0.99

CFD
0 . 1 0
0 . 1 0
0 . 1 0
0 . 1  I
0 . 1  I
0 . t 2
0 . 1 3
0.  l3
0 .14
0 . 1 5
0 . 1 6
0 . r 7
0 . 1 9
0.20
0.22
0.24
0.21
0.30
0.34
0.38
0.43
0.48
0.55
0.63
0.73
0.8s
0.98
t . t 2
1 .28
1.43
1.59
1.73
1.85
1.95
2.02
2.0s
2.04
2.01
2.02
2.01
2.04

.02

.04
,06

1.09
, 1 1
. 1 4
. 1 7
.20

' |  t<

1.30
1.35
1.42
1.49
1 . 5 7
1.66
t .76
1.88
2.02
2 . 1 7
2.32
2.47
2.60
2.69
z - t J

2.73
2.68
2.58
2.43
2.25
2.05
1.84
r .66
1 . 5 3
t.46
t .39
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Particle
size (pm)

35.62
38.01
40.55
43.26
46.16
49.25
52.54
56.06
59.81
63.81
68.08
72.64
77.50
82.68
88.22
94.12
r00.42
107.14
114.30
r21.95
1 3 0 . 1 1
138.82
148.1  r
158.02
168.59
179.87
l 9 l . 9 l
204.7s
218.45
233.07
248.67
265.31
283.06
302.00
322.21
343.77
366.77
39r.32
417.50
445.44
475.24

RS UIS FS

FD
47.01
49.29
5 1 . 5 9
s3.93
56.29
s8.66
61.05
63.47
65.95
68.48
71.05
73.68
76.32
78.96
81.58
84.14
86.59
88.88
90.96
92.79
94.37
95.70
96.77
97.61
98.25
98.73
99. l0
99.36
99.55
99.69
99.77
99.83
99.86
99.88
99.90
99.91
99.92
99.93
99.94
99.97
100.00

CFD
84.68
85.88
87.07
88.2s
89.41
90.53
91.59
92.56
93.46
94.26
94.98
95.60
96.14
96.60
96.99
97.31
97.57
97.78
97.95
98.08
98.20
98.30
98.39
98.47
98.56
98.66
98.76
98.88
99.01
99.14
99.26
99.35
99.42
99.49
99.s5
99.61
99.68
99.76
99.84
99.92
100.00

FD
38.94
40.58
42.31
44.26
46.41
48.68
s0.96
53.21
55.47
57.77
6 0 . 1 I
62.49
64.88
67.26
69.56
'71.76
'73.84

7 5.76
'77.46

78.96
80.30
81.48
82.53
83.51
84.46
85.47
86.60
87.95
89.63
91.72
94.00
96.02
97.44
98.34
98.91
99.26
99.47
99.61
99.72
99.85
100.00

2.28
2.28
2.30
2.34
2.36
z . t  I

2.39
) a.)
a  Â 1

2.53
2.57
2.63
2.64
2.64
2.63
2.56
2.45
2.29
2.08
l 83
1.58
1.32
r .07
0.84
0.64
0.48
0.36
0.27
0.  l9
0 .13
0.09
0.06
0.03
0.02
0.01
0.01
0.01
0.01
0.01
0.02
0.03

FD
1.25

CFD
t . 7 l
r .64
r.73
1.95
2 . r 6
2.27
2.28
2.25
2.26
2.30
2.34
2.38
2.40
2.38
2.30
2.20
2.09
1.92
1.69
l 50
1.34
1 . 1 8
l .05
0.97
0.95
1.01
t . l 3
1 .35
1.68
2.09
2.29
2.01
r.43
0.90
0.56
0.35
0.21
0.14
0.12
0.13
0.15

t . 2 l
l . l 9
l . l 8
l . l 6
t . t 2
1 .06
0.98
0.89
0.81
0.71
0.63
0.54
0.46
0.39
0.32
0.26
0.21
0. r7
0.14
0 . 1 l
0 . 1 0
0.09
0.09
0.09
0.10
0 . 1 1
0.12
0 . 1 3
0 . 1 3
0 . 1 1
0.09
0.07
0.06
0.06
0.06
0.07
0.08
0.08
0.08
0.08
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Table 5d Volume frequency (FD) and cumulative (CFD) particle size distribution of
raw sludge (RS), ultrasonicated sludge (UlS) and Fenton oxidized sludge (FS)
at TS of 30 g/L

Particle
size (pm)

0 . 1 6
0 . 1 8
0 . 1 9
0.20
0.21
0.23
0.24
0.26
0.28
0.30
0.31
0.34
0.36
0.38
0.41
0.44
0.46
0.s0
0.53
0.56
0.60
0.64
0.69
0.73
0.78
0.83
0.89
0.95
l . 0 l
1 .08
1 . 1 5
| .23
l - J I

r .40
1.49
1.59
r .70
l . 8 l
1 .93
2.06
2.20

RS

CFD
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0 . 1 0
0 . 1 2
0 . 1 3
0 . 1 5
0 . 1 8
0.20
0.23
0.27
0.31
0.35
0.39
0.44
0.50
0.56
0.62
0.69
0.75
0.82
0.89
0.91
1.04
t . t 2
1 .20
t .28
1 . 3 6
t.45
1.55
1.64
t.74
1 . 8 5
| .96
2.07
2 . t 9

UIS

0.01
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0 . 1 I
0 . 1 3
0 . 1 5
0 . 1 7
0.20
0.23
0.26
0.30
0.34
0.38
0.43
0.48
0.54
0.s9
0.65
0.71
0.77
0.83
0.89
0.9s
l . 0 l
| .07
1 . 1 4
l . 2 l
1 .28
1.36
1.43
l . 5 l
1 .59
1.68
r .77

FDFD

FS

FD CFD
0.04 0.01
0.04 0.01
0.04 0.01
0.05 0.01
0.05 0.01
0.06 0.01
0.06 0.01
0.07 0.01
0.08 0.01
0.09 0.01
0.10 0.02
0.12 0.02
0.14 0.02
0.16  0 .02
0.18  0 .03
0.20 0.03
0.23 0.03
0.25 0.04
0.28 0.04
0.31  0 .04
0.34 0.0s
0.37 0.0s
0.39 0.05
0.4r 0.06
0.43 0.06
0.45 0.06
0.47 0.06
0.49 0.06
0.52 0.06
0.54 0.06
0.57 0.06
0.59 0.06
0.62 0.07
0.65 0.07
0.67 0.07
0.70 0.07
0.72 0.08
0.75 0.08
0.77 0.08
0.79 0.09
0.81 0.09

0.04
0.08
0 . 1 3
0 . 1 7
0.23
0.28
0.34
0.41
0.49
0.58
0.69
0.81
0.94
l . l 0
1 .28
1.48
1 . 7  |
1 .96
2.24
2.55
2.89
3.2s
3.64
4.06
4.49
4.94
5.41
5.90
6.42
6.96
1.52
8 . 1 2
8.74
9.39

10.06
10.76
I 1.48
t2.23
13.00
t3.79
t4.60

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.04
0.04
0.05
0.05
0.06
0.06
0.06
0.07
0.07
0.07
0.07
0.07
0.07
0.08
0.08
0.08
0.09
0.09
0.09
0 . 1 0
0 . 1 0
0 . 1 0
0 . 1  1
0 . 1 I
0 .12
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Particle
size (pm)

2.35
2.50
2.67
2.85
3.04
3.24
3.46
3.69
3.94
4.20
4.48
4.78
5 . 1 0
5.44
5.81
6.20
6.61
7.05
7.53
8.03
8.57
9.14
9.75
10.41
I  l . l 0
I  1.84
12.64
13.48
14.39
15.35
16.37
r7.4',7
18.64
19.89
21.22
22.64
24. r5
25.77
27.49
29.33
3t.29
33.39

RS UIS FS

FD
2.31
2.44
2.57
2.71
2.85
3.01
3 . r 7
3.34
3.52
3.72
3.93
4.16
4.41
4.68
4.97
5.29
5.6s
6.05
6.49
7.00
7.57
8.22
8.97
9.83
10.83
t2.00
13.35
14.89
r6.64
18.58
20.69
22.97
25.35
27.8r
30.29
32.76
35.r7
37.s3
39.88
42.28
44.71
47.15

CFD
ts.44
16.30
r7.20
1 8 . 1 2
19.07
20.05
21.05
22.09
2 3 . 1 5
24.24
25.36
26.51
27.69
28.92
30.20
31.54
32.94
34.42
35.97
37.61
39.34
41.17
43.12
45.19
4',1.40
49.76
52.25
54.86
57.53
60.24
62.94
65.58
68.1  1
70.51
72.74
74.79
76.66
78.37
79.97
8r.52
83.00
84.41

FD
1.86
1.96
2.07
2 . r 8
2.29
2.41
2.s4
2.68
2.82
2.98
3 . t 4
3 .32
3 . 5 1
3.71
3.93
4 . 1 8
4.45
4.75
5.09
5.48
s .9 l
6.39
6.95
7.59
8.33
9 . r 9
1 0 . 1  8
I  1 .33
t2.64
1 4 . 1 0
15.72
17.49
19.38
2 t . 3 7
23.42
25.49
27.54
29.s6
31.57
33.62
35.62
37.46

0. r2
0 . 1 3
0 . 1 3
0. r4
0 . 1 5
0 . 1 5
0.  l6
0 . 1 7
0 . 1 8
0.20
0.21
0.23
0.2s
0.27
0.29
0.32
0.36
0.40
0.45
0.s0
0.57
0.6s
0.75
0.86
1.00
t . t 7
1 .3s
1 .54
t.74
1.94
2 . 1 2
2.27
2.39
2.46
2.48
2.47
2.41
2.36
2.3s
2.40
2.43
2.44

FD
0.84
0.86
0.89
0.92
0.95
0.98
1 . 0 1
1.03
r.06
1.09
t . t 2
1 . 1 5
l . l 9
1.23
1.28
1.34
1.40
1.48
1.s6
1.64
1.73
1.83
1.94
2.08
2.21
2.36
2.49
2.60
2.68
2.71
2.70
2.64
2.54
2.40
2.23
2.05
1.8'7
l . 7 l
1.60
1.54
r.49
l .4 l

CFD
0.09
0 . 1 0
0 . 1 0
0 . 1 1
0.12
0.12
0 . 1 3
0.14
0.14
0 . 1 5
0 . 1 6
0 . 1 8
0 . 1 9
0.20
0.22
0.25
0.2'7
0.30
0.34
0.38
0.43
0.49
0.56
0.64
0.74
0.86
1.00
1 . 1 5
1.30
r.47
r.62
1.77
1.89
1.99
2.05
2.07
2.05
2.02
2.01
2.04
2.00
1.84
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Particle
size (pm)

35.62
38.01
40.55
43.26
46.16
49.25
52.s4
s6.06
59.81
63.81
68.08
72.64
77.50
82.68
88.22
94.12
100.42
107.t4
l 1 4 . 3 0
l2 t .95
1 3 0 . 1  l
138.82
1 4 8 . 1 1
158.02
168.59
179.87
1 9 1 . 9 1
204.75
218.45
233.07
248.61
265.31
283.06
302.00
322.21
343.77
366.77
391.32
4r7 .50
445.44
475.24

RS urs FS

FD
49.s6
5t.99
54.47
57.0s
s9.70
62.43
6s.20
68.04
70.96
73.91
77.06
80.22
83.40
86.51
89.48
92.20
94.s5
96.46
97.88
98.84
99.44
99.76
99.91
99.97
99.99
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
100.00
r00.00
100.00

CFD
85.75
87.01
88.23
89.41
90.53
91.60
92.59
93.51
94.34
95.10
95.78
96.37
96.89
97.33
97.71
98.03
98.30
98.51
98.68
98.82
98.92
99.01
99.07
99.12
99.17
99.20
99.24
99.27
99.30
99.33
99.35
99.38
99.41
99.45
99.50
99.57
99.67
99.78
99.88
99.95
100.00

FD
39.12
40.73
42.45
44.43
46.68
49.06
51.45
53.79
) ô _ l  I

58.44
60.76
63.04
65.26
61.37
69.30
7t .03
72.53
73.79
74.80
15.62
76.29
76.85
I  I . J J

77.77
78.23
78.76
79.46
80.s3
82.26
85.10
89.05
93.16
96.26
98.07
99.00
99.43
99.62
99.72
99.80
99.89
r00.00

2.41
n  ^ 1

2.48
2.58
2.66
2.72
2.77
2.83
2.92
3.01
3.09
3 . 1 6
3 . 1 8
3 . r 2
2.97
2.72
2.35
t . 9 l
1.42
0.97
0.59
0.32
0 . 1 5
0.06
0.02
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

FD
I . J J

1.26
1.22
1 . 1 8
1 . 1 3
1.06
0.99
0.91
0.84
0.16
0.68
0.60
0.52
0.44
0.38
0.32
0.26
0.21
0 . 1 1
0 . 1 3
0 . 1 I
0.08
0.07
0.05
0.04
0.04
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.04
0.05
0.07
0 . 1 0
0 . 1 I
0 .  l0
0.07
0.0s

CFD
1.66
1.60
t . t2
1 .98
2.24
2.38
2.39
2 . 3 +

2.32
z . )  J

2.32
2.29
2.22
2 . 1 0
r .93
1  a a
t . t )

1.50
t.26
1.01
0.82
0.68
0.56
0.48
0.44
0.45
0.53
0.70
1.06
t .73
2.84
3.95
4 . t l
3.09
I  . 8 1
0.93
0.43
0 . 1 9
0 . 1 0
0.08
0.09
0 . 1  I
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Table 5e Volume frequency (FD) and cumulative (CFD) particle size distribution of
raw sludge (RS), ultrasonicated sludge (UtS) and Fenton oxidized sludge (FS)
at TS of 40 glL

Particle
size (pm)

0 . 1 6
0 . 1 8
0 . 1 9
0.20
0.21
0.23
0.24
0.26
0.28
0.30
0.31
0.34
0.36
0.38
0.41
0.44
0.46
0.50
0.53
0.56
0.60
0.64
0.69
0.73
0.78
0.83
0.89
0.95
1.01
1.08
1 . 1 5
1.23
1 . 3 1
1.40
1.49
1.59
1.70
l . 8 l
1.93
2.06
2.20

RS UIS FS

FD
0.00
0.01
0.01
0.02
0.03
0.03
0.04
0.0s
0.05
0.06
0.07
0.09
0.10
0.12
0.14
0 . 1 7
0.19
0.23
0.26
0.31
0.35
0.40
0.46
0.52
0.58
0.64
0.71
0.78
0.85
0.93
1.01
1.09
1 . 1 7
r.26
1.35
1.44
1.53
r .63
r .73
1.84
1.95

CFD
0.03
0.07
0.10
0.14
0 . 1 8
0.23
0.28
0.33
0.40
0.47
0.55
0.64
0.74
0.86
0.99
l . l 5
l . 3 l
1 .50
l . 7 r
r .94
2 . 1 9
2.46
2.75
3.06
3.38
3 .  |  |

4.06
4.43
4.81
5.2r
5.63
6.07
6.53
7.01
7.51
8.02
8.55
9 . 1 0
9.66
10.25
10.85

FD
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.10
0.12
0.14
0 . 1 6
0 . 1 8
0.21
0.24
0.28
0.31
0.35
0.40
0.44
0.49
0.55
0.60
0.66
0.72
0.78
0.84
0.90
0.96

0.00
0.00
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.03
0.03
0.04
0.04
0.05
0.05
0.06
0.06
0.06
0.06
0.07
0.07
0.07
0.08
0.08
0.08
0.08
0.09
0.09
0.09
0.09
0.10
0.10
0.10
0 . 1  1

FD
0.03
0.03
0.04
0.04
0.04
0.04
0.05
0.05
0.06
0.07
0.08
0.09
0.  l0
0 .12
0 . 1 3
0 . 1 5
0 . 1 7
0.19
0.2r
0.23
0.25
0.27
0.29
0.31
0.32
0.33
0.35
0.37
0.38
0.40
0.42
0.44
0.46
0.48
0.50
0.51
0.53
0.55
0.56
0.58
0.60

CFD
0.01
0.01

,03
.09
, 1 6

0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.05
0.05
0.05
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.07
0.07
0.07
0.07
0.07
0.08
0.08
0.08
0.09
0.09
0 . 1 0

t .23
1.30
L38
1.45
t .54
t .62
1 . 7 1
r .80
1.90
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Particle
size (pm)

2.3s
2.50
2.67
2.8s
3.04
3.24
3.46
3.69
3.94
4.20
4.48
4.78
5 . 1 0
5.44
5 . 8 1
6.20
6.61
7.05
7.53
8.03
8.s7
9. t4
9.75
10.41
l  1 . 1 0
I  1 .84
12.64
13.48
t4.39
15.35
16.37
17.41
18.64
19.89
21.22
22.64
24.1s
25.77
21.49
29.33
31.29
33.39

RS UIS FS

FD
2.06
2 . 1 8
2.30
2.43
2.57
2.12
2.87
3.03
J . Z  I

3.40
3.59
3 . 8 1
4.04
4.29
4.57
4.87
5.21
5.58
6.01
6.48
7.02
7.63
8.33
9 . 1 3
10.07
I  1 . 1 5
12.41
13.84
15.41
r7.27
19.24
21.36
23.58
25.87
2 8 . 1  8
30.48
J Z .  I . J

34.92
3 1 . 1 2
39.3s
4t.63
43.90

CFD
11.47
12.12
12.79
13.49
14.21
14.9s
15.12
16.s2
r7 .34
1 8 . 1 9
19.08
20.00
20.97
21.99
23.08
24.24
25.49
26.85
28.32
29.92
31.67
33.s9
35.70
38.04
40.62
43.46
46.s6
49.88
53.38
56.99
60.64
64.24
67.69
70.93
73.88
76.52
78.84
80.86
82.68
84.36
85.90
87.32

FD
2.00
2 . t l
2.23
2.35
2.47
2.61
2.75
2.89
3.05
3.21
3.39
3.57
3.77
3.98
4.21
4.47
4.75
5.05
5.39
5.77
6.20
6.67
7.21
7.82
8.53
9.3s
10.29
11.37
12.60
13.96
1s.48
11. t2
18.88
20.12
22.62
24.56
26.49
28.39
30.29
32.24
34.16
35.95

0 . 1  I
0 .12
0 . 1 2
0 . 1 3
0.14
0 . 1 5
0 . 1 5
0 . 1 6
0 . 1 7
0 . 1 9
0.20
0.21
0.23
0.25
0.28
0.30
0.34
0.38
0.42
0.48
0.54
0.61
0.70
0.81
0.94
1.09
1.26
|.44
1.62
1.80
1.97
2 . l l
2.22
2.29
2 . 3 r
2.30
2.25
2.20
2 . 1 9
2.24
2.27
2.27

FD
0.62
0.65
0.67
0.70
0.72
0.74
0.77
0.80
0.82
0.85
0.89
0.92
0.9'7
r.02
1.09
l . l 6
t .2s
1.35
1.47
1.60
r .75
r .92
2 . t l
z . J +

2.58
2.84
3 . 1 0
)  - J Z

3.50
3.61
3.65
3.60
3.46
3.24
2.9s
2.64
2.32
2.03
1.82
1.68
1.54
1.42

CFD
0 . 1 0
0 . 1  I
0 . 1  I
0 . 1 2
0 . 1 3
0 . 1 3
0 . 1 4
0 . 1 5
0 . 1 6
0 . 1 6
0 . t 7
0 . 1 8
0.20
0.21
0.23
0.2s
0.28
0.31
0.34
0.38
0.42
0.47
0.54
0.62
0.7r
0.82
0.94
1.08
t.22
t . 3 7
1 . 5 1
1.64
1.76
1.84
1 . 9 1
1.93
1.93
1.90
l . 9 l
1 .95
t.92
1.78
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Particle
size (pm)

RS TJIS FS

FD CFD FD FD CFI)
35.62 46.r4 88.62 37.56 2.24 30 .62
38.01 48.38 89.83 39.12 2.24 21 56
40.55 50.66 90.97 40.80 2.28 t4 .68
43.26 53.01 92.06 42.73 2.35 .09 93
46.16 55.40 93.09 44.91 2.39 02 2 . 1 8
49.25 57.82 94.04 47.22 2.42 0.95 2.32
52.54 60.25 94.90 49.56 2.43 0.87 z - J )

56.06 62.69 95.68 5 1 . 8 5 2.44 0.7'7 2.29
59.81 65.16 96.36 54.13 2.47 0.68 2.28
63.81 67.68 96.96 56.42 2.52 0.60 2.29
68.08 70.2s 97.47 58.69 2.57 0.5 r 2.27
72.64 72.87 97.91 60.91 2.62 0.44 2.22
77.50 75.54 98.28 63.03 2.66 0.37 2 . 1 2
82.68 78.22 98.58 65.00 2.68 0.30 97
88.22 80.89 98.82 66.75 2.67 0.2s t )

94.12 83.51 99.02 68.27 2.62 0.20 .52
100.42 86.04 99.1 8 69.5s 2.53 0 . 1 5 28
107.14 88.43 99.29 70.57 2.39 0 . 1 I .03
114.30 90.61 99.37 7r .37 2 . 1 8 0.08 0.79
12t .95 92.55 99.44 71.98 94 0.06 0.62
1 3 0 . 1 1 94.22 99.48 72.47 6',7 0.05 0.49
138.82 95.61 99.52 '72.85 39 0.04 0.39
1 4 8 . 1 1 96.73 99.5s '73.17 t2 0.03 0.32
158.02 97.59 99.57 73.46 0.87 0.02 0.29
168.59 98.24 99.s9 73.',77 0.65 0.02 0.30
179.87 98.73 99.60 74.r4 0.48 0.02 0.37
191.91 99.08 99.62 74.67 0.36 0.02 0.53
204.75 99.34 99.64 75.56 0.26 0.02 0.89
2t8.45 99.53 99.65 77.22 0 . 1 9 0.02 r.66
233.07 99.66 99.67 80.34 0 . 1 3 0.02 3 . 1 2
248.67 99.75 99.69 85.27 0.09 0.02 4.93
26s.3r 99.80 99.71 90.89 0.06 0.02 5.62
283.06 99.84 99.73 95.30 0.03 0.02 4.40
302.00 99.86 99.75 97.83 0.02 0.02 2.53
322.21 99.87 99.78 99.02 0.02 0.03 1 . 1 9
343.77 99.89 99.81 99.51 0.01 0.03 0.49
366.77 99.90 99.84 99.69 0.01 0.04 0 . 1 9
391.32 99.92 99.88 99.77 0.01 0.04 0.08
417.50 99.93 99.93 99.83 0.02 0.04 0.06
445.44 99.96 99.97 99.90 0.03 0.04 0.07
475.24 100.00 100.00 100.00 0.04 0.03 0 .10

2s6



Table 6 CST measurement of raw sludge (RS), ultrasonicated sludge (UlS) and Fenton
sludge (FS) at TS 10-40 g/L

TS, g/L

10
20
25
30
40

CST (s)
RS UIS FS
203 218.8 77.8

403.4 398.6 163.9
451 462.7 213

565.6 505 219.1
615.1 703.3 384.3

Table 7 Effect of pre-treatment on solubilization and biodegradability of sludge

rs (g/L) Solubilization (%) Biodegradability (%)

10
20
25
30
40

RS
74.3
64.2
59.7
53.5
50.4

UIS
83.3
19.2
74.5
70

64.7

FS
78.015
67.4r
64.476
55.105
51.408

RS UIS
58.8 59.0352
63.3 73.3647
64.61 71.0151
62.39 70.4383
62.2 66.6162

FS
68.8
7r.2
72.9
67

66.6
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ANNEXE III
EFFECT OF ULTRASONIFICATION AND FENTON OXIDATION ON
BIODEGRADATION OF BIS(2-ETHYLHEXYL) PHTHALATE (DEHP)
IN \ryASTEWATER SLUDGE
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Table I Removal of DEHP and 2-ethylhexanoic acid calculated as mass during aerobic
digestion (20 days of incubation time) in raw sludge (RS), ultrasonicated
sludge (UtS), and Fenton oxidized sludge (FS)

DEHP 2-ethylhexanoic acid

RS UIS FS RS UIS FS

0 - d a y
digestion

Concentration (mg/kg) 31.4 37.8 26.22 28.8 39.3 25.1

Mass (mg) 58.88 70.87 49.t6 54.0 73.69 47.06

20-days
digestion

Concentration (mg/kg) 24.6 18 .4 14 . l 0 23.6 27.9 19.3

Mass (mg) 16.60 7 .91 7 .19 15.93 11.99 9.84

Removal in mass (%) 0.72 0.89 0.85 0.70 0.84 0.80
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ANNEXE IV
DoNNÉES suppl,ÉvrnNr.q.IRns DU TEST DE BloDÉcruolgrl,rrÉ

Données de la réduction des solides totaux observée pendant 40 jours de la
biodégradation aérobie. Solides totaux des boues z 25 glL;2 o/o d'inoculum des boues
fraîches, à 25 o C, 150 rpm d'agitation.

17.6

17.4

17.2

e17
I re.a
U'
F 16.6

16.4

16.2

16
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AI{I{EXE V
DONNÉES DBS TRAVAUX D'OPTIMISATION

Données supplémentaires de I'analyse de la variance (ANOVA) du modèle mathématique
pour I'ultrasonication des boues d'épuration vis-à-vis la biodégradabilité. Effet des variables
indépendantes : X1 : Intensité ultrasoniqu€i Xz = Temps d'expositioni Xs: Solides totaux.

Solubilization Biodegradability

Effet SE dl ME F p SE dl ME F p

Xr (L) 0.0004 1 0.0004 34.1 0.002 0.0045 1 0.0045 5.4 0.07

X1 (a) 0.0044 1 0.0044 398.1 0.000006 0.04 1 0.04 47.7 0.001

Xz (L) 0.00045 1
0.0004

5
41.3 0.001 0.004 1 0.004 4.3 0 .1

xz (Q) 0.0023 1 0.0023 205.7 0.00003 0.023 1 0.023 27.2 0.003

X: (L) 0.2132 1 0.2132
1 91 89.

I
0.000000 0.0004 I 0.0004 0.4 0.53

X: (Q) 0.00004 1
0.0000

4
3.4 0 .12 0 .013 1 0 .013 15.7 0.0107

X r - X z 0.00001 1
0.0000

1
0.97 0.37 0.0002 1 0.0002 0.3 0.62

Xr- X: 0.0008 1 0.0008 70.5 0.0004 0.002 1 0.002 2.0 0.22

X2- X3 0.0005 1 0.0005 42 .1 0.0013 0.003 1 0.003 3 .1 0 .14

Manque

d'ajustement
0.0559 5 0.0112 1006 .8 0.000000 0.007 5 0.001 1 .7 0.28

Erreur pure 0.00006 5
0.0000

1
0.004 5 0.0008

Total 0.2777 19 0.092 19

R2 0.79 0.87
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Données supplémentaires de loanalyse de la variance (ANOVA) du modèle mathématique
pour I'oxydation des boues d'épuration vis-à-vis la biodégradabilité. Effet des variables
indépendantes : Xr = [H2O2]s/[Fe'*lo; X2: Temps de réaction; X: = Solides totaux.

Composante Estimation d'effet Coeffi cient de résression

Augmentation
de SCOD

Biodésradabilité Augmentation
de SCOD

Biodégradabilité

Effet p Effet p Coefficient
régression

P Coefficient
régression

p

Constant
0.47 0.0 0 .613 0.0 -169 .5 0.01 263.38 0.000001

X1 -0.021 0.356 0.025 0.374 0.302 0.21 -0.56 0.0004

xf -0.069 0.008 0.078 0.014 -0.001 0.009 0.002 0.000003

Xz -0.066 0.012 -0.09 0.0069 1.767 0.133 -1 .7 0.008

Xz" -0.064 0 .011 0.082 0.01 -0.032 0.0121 0.01 0.030901

Xs
0.062 0.016 0.016 0.553 5.609 0.002 -4.7 0.00003

X; -0.095 0.001 0.06 0.039 -0.047 0.001 0.038 0.00002

Xt* Xz -0.026 0.369 0.0188 0.6 -0.003 0.369 0.002 0.193

Xr* Xs
0.026 0.384 -0.004 0.9 0.003 0.386 -0.0005 0.72

Xz* Xs -0.004 0.884 0.012 0.58 -0.002 0.89 0.01 0 .17
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ANNEXE VI
EQUATIONS SUPPLEMENTAIRE S

Taux spécifique de croissance maximal - p

(lsff - lsN" )
L l - \ Q  

a  u ' . 1 2 . 3 0 3
'  

( t  -tot

N: Nombre des cellules à la fin (r heures) de la phase exponentielle de la fermentation.
No: Nombre des cellules au début (r, heures) de la phase exponentielle de la fermentation.

Sporulation oÂ : Nombre des sporesÆr{ombre des cellules totales
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